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INTRODUCTION 
My attention was first drawn to immune mechanisms in insects by a 
chapter in Watson's Molecular Biology of the Gene (54). In this book 
is a chapter titled "Cell Differentiation and the Problem of Antibody 
Synthesis." Watson discusses therein the possibilities of learning about 
differentiation by studying antibody synthesis as a model of differentia­
tion. He also discusses evidence supporting the concept that differentia­
tion is in part a selective turning on and off of genetic loci. Diagrams 
and autoradiographs of the giant salivary chromosomes of Ch i ronomus and 
Drosophi1 a are included to illustrate the concept. These chromosomes ex­
hibit areas of intense ribonucleic acid (RNA) synthesis traced with 
labelled uridine, which correspond to chromosomal puffs. My curiosity was 
aroused, and I wondered if differentiation could be studied by a study of 
the giant chromosomes of immunized and control insects. I theorized that 
one might be able to find direct cytological correlations between the type 
of antibody being produced and the location of puffs in insect salivary 
chromosomes—(or other cytological correlations). 
A search of the literature revealed that almost nothing is known of 
the immune mechanisms of invertebrates and that, in all likelihood, in­
vertebrates (other than the lowest chordates and some echinoderms) do not 
produce immunoglobulins as a specific response to challenge with antigens. 
The literature did, however, contain some remarkably interesting reports 
of "immune" responses in insects which required additional investigation. 
The aim of this investigation was to follow up some of these reports and 
gain additional insight into the immune mechanisms of insects. I will 
discuss the specific goals and the reasons for selecting these goals at 
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the end of the literature review. 
Reasonable questions to be answered at the time this work was under­
taken were 
1) What is the nature of the immunogen? Is it protein, nucleic 
acid, lipid, etc.? 
2) Can organisms other than those cited in the Literature Review 
have a humoral response? 
3) When antisomes (humoral immune agents in invertebrates) appear in 
the hemolymph of insects, how are they formed? Are they formed 
in association with hemolymph proteins? Do hemolymph proteins 
act as isozymes in the production of antisomes? 
4) What is the chemical nature of the antisome (s)? What are their 
modes of cidal or lytic action? 
These are all still reasonable questions to answer because none of the 
results to be reported in this thesis have provided definitive answers. 
To answer these questions, I planned to attempt to immunize the 
coleopteran Tenebrio molitor with the coliphage MS2. This would have been 
a significant accomplishment because the symmetrical protein coat of this 
virus would provide a means for testing whether or not the insect can 
respond to proteins as immunogens. Also, at that time, and I believe to 
date, there had been no reports of attempts, successful or otherwise, to 
achieve a humoral response in insects to a virus. Success in this en­
deavor might have far-reaching consequences in biological control pro­
cedures, and antiviral chemotherapy—assuming the antisomes might be 
adapted as chemotherapeutic agents. 
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The experiments reported in the Results section show that the 
coleopteran, Tenebrio molitor. Is capable of clearing injected MS2 from 
the hemolymph and storing it in its tissues, but does not produce anti-
phage agents. Since I was unsuccessful in immunizing this insect with 
the phage, I attempted to check the immune capabilities by trying to 
immunize the insect against lethal doses of Ps. aeruginosa. The results 
of these experiments were somewhat enigmatic. They indicated that Tenebrio 
could be better protected with injections of saline than with injections 
of bacterin. The bacterin, it seems, is toxic to the insect. To check 
my procedures for preparing the bacterin and for performing immunization 
experiments, I decided to repeat the experiments performed by Hink (30) 
demonstrating immunity in Galleria. It became immediately apparent that 
Ps. aeruginosa was toxic to our strains of Galleria mellonel1 a causing a 
characteristic darkening along the dorsal surface and melanization of the 
hemolymph which frequently resulted in the death of the insect. Several 
strains of Galleria as well as several strains of £s. aeruginosa were 
collected and examined. Evidence is presented that a combination of 
strain differences, compounded and confounded by unknown environmental 
factors, make the repeat of the Hink and Chadwick experiments a question­
able task. The toxic factor in the bacterins was found to be a heat 
stabile, lysozyme-sensitive substance; additional evidence is presented 
that the toxin is cell wall material. Also, evidence is presented showing 
that the cell wall materia! may be capable of inducing either the immune 
response or, alternatively, the toxic response. 
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LITERATURE REVIEW 
Harvey Rabin, in an introduction to a symposium of the Reticuloendo­
thelial Society (39), tells us of two comments he has heard. The first 
was a claim that immune responses in invertebrates were inferior to 
vertebrate responses because the latter are specific whereas the former 
are not. The second was a comment that vertebrates have all the immune 
mechanisms found in invertebrates. These false beliefs, apparently held 
by many biologists, necessitate a detailed introduction to this thesis 
topic; "immunity" in the meal worm, Tenebrio molitor, and the wax worm. 
Gal 1eria mel1 one 11 a. 
There have been many reviews of the pertinent literature in the past 
decade (7,10,29,39,48,53). I sometimes think there have been more words 
printed in review than in describing original results. However, citing 
these reviews would not be an adequate introduction to this paper because 
there are several aspects of "immunity" in invertebrates and insects 
which I need to stress. 
Immunity in Invertebrates Other Than Arthropods 
We will first consider evidence for "immunological memory", humoral 
immunity, and novel immune systems among the invertebrates. The speci­
ficity of the response, the chemical nature of the "antibody" or antisome, 
and the time from challenge to detection of the antisome, should all be 
mentally compared with the situation in vertebrates as these topics are 
discussed. A summary of what is known of immunity in invertebrates is 
presented in Table 1. 
Table 1. Summary of humoral immunTty in invertebrates 
Organi sm Recognition of 
Self 
Memory Humoral Response 
FOR I FERA 
Terpios 
StPUNCULUS 
Si punculus 
Dendrostomun 
EARTHWORM 
Lumbricus 
Ei senia 
clumping factor 
lytic agents 
not found 
OYSTER 
Crassostrea cleared R.B.C. 
& T2 but not phage 
80 
none demonstrated 
to intestinal 
inhabitants 
SNAIL 
Australorbis 
He1i soma 
LOBSTER 
Panuli rus 
to Schi stosoma 
for coli, M. 
roseus, aureus 
CRAYFISH 
Cambarus 
Parachaeraps 
+ 
+ 
none to BSA & X 
+ Ps. aeruginosa 
and endotoxin 
COCKROACH 
Periplaneta 
Periplaneta 
MILKWEED BUG 
Oncopeltus 
WAX MOTH 
Galleri a 
+ to Tetrahymena 
- to lysozyme 
6 
Time Till Specificity Mol. Wt. 
Response of Agent Stability 
immediate non specific not known not known 
relative specificity not known labile 
9 days relative specificity not known stabile 
12 hours relative specificity Sephadex G rel. stabile 
200 
12 hours relative specificity protein? heat sensitive 
12 hours relative specificity in hundreds very stabile 
12 hours relative specificity less than stabile 
2000 
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The Fori fera (]4) are capable of distinguishing self from non-self, 
but this is not a surprising ability. The essence of holozoic nutrition 
is in fact this ability. The sponge, Terpios zeteki, can respond to 
challenge of foreign particles by producing a clumping factor which appears 
to aid in ingestion of the particles: a primitive opsonin? There is no 
published information regarding specificity of the clumping agent or of 
its chemical nature. 
I have not found any information about immune responses in the 
piatyhelminths or the roundworms. It is known, however, that little 
trouble is encountered in grafting experiments performed on Planaria. 
The "lowest" invertebrate which seems to have a humoral response is 
the marine annelid, Sipunculus. Triplett (50 have studied the 
immune reactions of the sipunculid, Dendrostomum zostericolum. These 
workers have performed tentacle transplant experiments and have shown 
that individual organisms do not distinguish autotransplants from homo-
grafts. However, foreign material, injected into the coelomic cavity, 
was encapsulated. Included In the foreign substances used were tentacles 
of the sea anemone, Anthopleura xanthogrammica. These were heavily en­
capsulated and digested by cells in the coelomic fluid. Studies to deter­
mine if there was an increase in phagocytosis rates following a course of 
•'immunization" showed a lack of ability to respond to the challenge in a 
manner comparable to the anamnestic response of vertebrates. Agglutinins, 
lysins, and precipitins were not demonstrable in the coelomic fluid. 
Bang (3,4) studied the responses of sipunculids to foreign materials; 
Sipunculus nudus was challenged with the ciliate, Anophrys magii. The 
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ci liâtes were immobilized, cilia were lost, then the ci liâtes lysed. The 
lysin, which was produced in one to two days after challenge, was heat 
labile at 45 C and was "used up" by repeated treatment of the hemolymph 
with the cil late. The lysin did not affect bacteria, though it could be' 
evoked by injections of Vibrio sp. A point to keep in mind in evaluating 
this information relative to work reported later in this thesis is that 
the lysin could not be evoked by injections of endotoxin. 
The finding that the lytic agent was specific for the ciliate is 
interesting because in 1928 Cantacuzene claimed that sipunculids could 
develop bacteriolytic agents (8). Another interesting feature of this 
lysin was the fact that it appeared to have been preformed in the coelomic 
fluid. The innominate cells of the coelom of SiDunculus are a collection 
of cells with needle-like inclusions. Large doses of the ciliate caused 
an immediate release of the lytic agent which was paralleled by the dis­
appearance of these intracellular crystals. 
Other studies of sipunculus, by Gushing et al. (1$), showed that 
Dendrostomum zostericolum could immobilize the dinof1agel1 ate, Gyrodiniurn 
dorsum, by producing a compound Gushing called "stop factor." "Stop 
factor" was heat labile, and had a molecular weight of about 50,000 which 
suggests that it was a protein. It was spontaneously produced in response 
to trauma and was not a specific response to the dinof1agel1 ate. 
The work done by Gushing £t a_[. (19) included studies on the effects 
of injecting the bacteriophage T4 into the coelomic cavity of Sipunculus. 
A very slow decrease in the number of plaque-forming units (p.f.u.) in 
the coelomic fluid was observed, in contrast to the rapid phagocytosis of 
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certain other foreign materials when inserted into the coelom. Secondary 
injections of the phage into the coelom were not cleared at an accelerated 
rate. This, plus the linear kinetics of the phage clearance, indicated 
that while the sipunculid could react to foreign matter by phagocytosis 
and production of stop factors they could not produce agents against 
phage. This is a strong argument that whatever the nature of the response 
to foreign matter is in these organisms, it is not a response to the 
introduction of foreign proteins analogous to the defense systems of 
vertebrates. 
Cooper has done the only significant work on immunity in annelids 
(15,16,17). He showed that the annelids, Lumbricus terrestris and 
Eisenia foetida, were capable of rejecting xenografts but would permit 
autografts to heal. He also demonstrated that the worms will reject 
second set xenografts at an accelerated rate, indicating that there may be 
a primitive anamnestic response in these animals. 
When these results were first made known, they were very exciting, 
because it appeared that the annelids had sophisticated defense mechanisms 
making them a good system in which to study primitive humoral antibody­
like responses. This was especially true because the information on 
sipunculids indicated that animals with phylogenetic origins and organi­
zation similar to annelids had the ability to produce lysins. When I 
first began to think of studying immunity in invertebrates, I gave con­
siderable attention to the possibility of searching for humoral responses 
in annelids. It is fortunate that I abandoned this idea because Cooper 
et £l^. (17) have since reported that they could find no evidence of 
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induced humoral bactericidal agents in the earthworm. To conduct the 
investigation which led them to this conclusion they treated hundreds of 
earthworms with bacteria isolated from the slime and gut cavities of worms; 
additional worms were inoculated with EMB-1, an isolate from the gut of 
the spiny lobster, Panulirus argus (23). This latter bacterial isolate 
was chosen because, as will be explained later, Evans (25) was able to in­
duce immunity in the spiny lobster with this bacterium. The earthworms 
were checked for the induction of antibacterial agents at several times 
after injection. The results were uniformly negative, both for single 
treatments with the potential antigen and secc'oary challenge. Thus it 
appears that the annelids are capable of discriminating between self and 
non-self but are probably not capable of producing specific bactericidal 
agents. I have not seen any work describing attempts to obtain inductive 
responses by annelids against protozoans or viruses. 
The evidence against humoral agents being produced by annelids is, 
I think, rather slirti, being only one negative report. When one considers 
the environment of earthworms and their anatomy, it seems that they must 
in the course of their lives be subject to invasion by microorganisms. I 
suspect that it would still be wise for investigators to continue looking 
for immune systems of annelids because environmental conditions dictate 
that any immune mechanism In annelids should be efficient and perhaps, 
nove1. 
In a recent review of defense mechanisms of mollusks, Tripp (52) 
stated that there was only one case in which a specific humoral agent 
with "defense potential" was known among the mollusks. My search of the 
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literature corroborated this. The specific case is the production of 
miracidial immobilizing substances against Schistosoma mansoni by 
Australorbis qlabratus, as reported by Michel son (37). Nine days of in­
fection with the miracidia were required to insure the detection of the 
immobilizing compound in snail extracts. The agent was relatively specific 
but will cross react with Fasciola hepatica. It was stabile at 56 C for 
30 minutes. There is no information on its chemical nature or on the 
ability of reinfected snails to demonstrate an anamnestic-1ike response. 
Opposed to this finding of immunological competence in the snail are the 
results reported by Cheng (13), who found that Helisoma duryi normale 
would not respond to challenge with Escherichia coli (£. coli), Micro­
coccus roseus, or Staphylococcus aureus. 
The fact that the miracidial-inmobilizing substance was produced after 
9 days of infection, whereas other potential humoral agents are produced 
in less than 48 hours (Table 1), indicates that this might bear a re­
semblance to the immune systems of vertebrates. The relative heat stabil­
ity, however, tends to mitigate against this conclusion. 
In his review of defense mechanisms of mollusks, Tripp (52) pointed 
out that the body fluids of mollusks contain numerous agglutinins, many 
of which are relatively specific. One example is an agglutinin reported by 
Boyd and Brown (5) in the snail. Helix lactea, which agglutinates only 
human type A red blood cells. Viv:parus malleatus hemolymph will aggluti­
nate only rabbit red blood cells. The significance of these circulating 
agglutinins in mollusk defense mechanisms is not known. These substances 
may be similar to plant phytohemagglutinins. It is possible, according to 
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Tripp, that these agglutinins serve functions that have nothing to do 
with defense. 
Acton and Evans have performed a number of experiments to test the 
immunological capabilities of the oyster, Crassostrea virginica. in one 
study, they checked for the capability to respond to the bacteriophage 
T2 (1). Circulating phage-neutralizing antisomes were not induced; how­
ever, the oyster seemed to have some immunological memory because secondary 
injections of the virus were cleared from the hemolymph at an accelerated 
rate. Virus was cleared from the hemolymph and localized in the oyster 
tissues; in one experiment it was found that the phage was cleared from 
the oyster hemolymph within 48 hours. 
The results of phage clearance experiments in the oyster are rather 
interesting because I have found similar results in the meal worm, Tenebrio 
molitor, which I will discuss later. One might speculate that some inverte­
brates possess an efficient means for removing phage particles, but I tend 
to think that the localization of phage in invertebrate tissues represents 
a non-specific adherance to circulating cells in the hemolymph and to the 
tissues of the viscera and body wall. Weinheimer, Acton and Evans (55) 
attempted to induce bactericidin production in the oyster, Crassostrea 
vi rqinica. Since they had concluded that T2, and sheep red blood cells 
would not provoke a response, and since gram positive, lysozyme-sensitive 
organisms could not be used for challenge because the hemolymph normally 
contains lysozyme, they attempted to induce immunity by using antigens 
obtained from the animal's environment. The oysters were ground in a 
tissue homogenizer and several bacterial isolates were obtained which were 
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used for challenge. The rationale for this approach will be discussed 
under the section on immune responses of arthropods. The isolates were 
gram negative, coccoid, and pleomorphic. The cells were formolized and 
oysters were treated with various doses of the bacterin. The results of 
these attempts at inducing a humoral response in the oyster were negative. 
While there is little evidence supporting a general ability to pro­
duce humoral antisomes in mollusks, there is evidence that many mollusks 
have the ability to reject homologous grafts and xenografts (52). This 
i s true for Crassostrea gigas, Australorbis glabratus, and Crassostrea 
virqinica (21)* 
The information given thus far can be summarized by stating that there 
really is no firm evidence for a humoral, specific antisome produced by 
any invertebrate discussed so far. Some of the invertebrates have circu­
lating agents which bear some resemblance to a defensive antisome, but 
there is no evidence that they are synthesized specifically in response 
to a particular immunogen in a manner that resembles the situation with 
vertebrate antibody. 
"Immunity" In Arthropods Other Than Insects 
There is conflicting evidence regarding the ability of aquatic arthro­
pods to respond to potential immunogens. Teague and Friou (50) injected 
crayfish, Cambarus viril is, with purified preparations of coliphage 0X174, 
and observed that the rate of disappearance of the phage from the hemo-
lymph was characteristic of biological decay rather than a specific immune 
response. One of the test animals was observed to have circulating phage 
88 days after the initial treatment. The authors concluded that there was 
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no evidence that the crayfish was capable of producing antiphage agent. 
In another experiment, league and Friou (50) labeled bovine serum 
albumin with radioactive iodine and injected the radioactive protein intra­
muscularly into crayfish. The crayfish were given three injections of the 
radioactive "immunogen" at 11-day intervals; loss of radioactivity from 
the hemolymph was used as an index of antisome response. The radio­
activity disappeared from the hemolymph with a rate and pattern that did 
not indicate the existence of immune clearance. A scan of the animal, to 
check for the location of the radioactivity, failed to reveal evidence of 
localization of the antigen within the body of the animal. The radio-
iodine was distributed throughout the body. 
Although Teague and Friou presented evidence that the crayfish, 
virilfs, will not respond to the proteins of phage or serum albumin, 
McKay and Jenkin (36) described evidence that the crayfish, Parachaeraps 
bicarinatus, would develop immunity upon injections of Pseudotnonas 
species. These workers isolated a Pseudomonas sp. which produced acute 
bacteremia in the crayfish following injection. injection was the only 
route in which the pathogen would cause a bacteremia, and the only way it 
could be transmitted. Bacterins were prepared from overnight broth 
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cultures and adjusted to 10 cells/ml. Crayfish treated with heat-killed 
or alcohol-killed bacterins developed protective immunity against 4 times 
the LDgg, but sub-lethal doses of live cells did not confer immunity on 
the crayfish. A variety of bacterins were prepared from a variety of 
gram negative organisms and gram positive organisms. The bacterins of 
gram negative organisms were capable of inducing a significant immunity; 
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however, the gram positive organisms were not immunogenic. This immunity, 
it is important to note, was induced even though the challenge organism 
was always Pseudomonas sp. and the inducing organism was heterologous; i.e. 
Salmonella typhimurium produced the best protection against the Pseudomonas 
sp. 
Since all the gram negative organisms used induced protective immu­
nity, McKay and Jenkin checked to see if endotoxins were the active immu­
nizing agents. Salmonella typhimurium endotoxins were prepared according 
to the Westphal (56) method. The time of appearance and duration of the 
immunity elicited to the endotoxin were similar to those observed when 
bacterins were used. Repeated doses of endotoxin increased the level of 
immunity. 
To see if the immunity was due to circulating antisomes, the patho­
genic Pseudomonas sp. was cultured in hemolymph from normal and immune 
animals. The pathogen grew as well in both types of hemolymph as it did 
in nutrient broth, indicating that the immunity was due to some physio­
logical process other than the actual production of circulating antisomes, 
such as increased phagocytosis. 
Evans ^  (25) have shown that the spiny lobster, Panulirus argus, 
can produce a circulating bactericidin in response to bacterins of heat-
killed gram negative cells. The gram negative culture, strain EMB-1, was 
isolated from the lower gut of the lobster. (This is why, as stated 
earlier in this report, EMB-1 was used as a potential immunogen for the 
oyster: it worked on the crayfish.) The bactericidin was non-dialyzable, 
heat labile at 65 C with some loss of activity at 60 C, and was not 
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sensitive to treatment with ethylenediaminetetraacetic acid (EDTA). 
The bactericidin was absorbed to EMB-1 as well as to other heterologous 
bacteria. Results of other experiments (25) demonstrated that the lobster 
was capable of an accelerated secondary response and that the peak and 
duration of response are greater following secondary injection than 
following a primary injection. 
In addition to the work with Panulirus argus, Evans et al. (24) 
looked at the response of Panuli rus interruptus. This lobster could be 
induced to produce a cidtn which could be precipitated with ammonium sul­
fate and which coagulated at 65 C. The ci din reached a maximum level in 
the hemolymph 7 days after injection with EMB-1 bacterins and persisted 
for up to So days without additional injections. The ability of various 
agents to cause induction of the cidin in order of decreasing activity as 
listed by Evans (23) were EMB-1, Salmonella typhosa, and bovine serum 
albumin. As in the work with £. argus, gram positive organisms would not 
cause the induction of a bactericidin. 
It appears from this summary that the only known humoral responses in 
marine arthropods are those of spiny lobsters to their intestinal habitant, 
EMB-1, and closely related bacteria. Unfortunately, as in all cases of 
humoral immune agents in invertebrates, little is known of the chemistry 
of the agent. All indications are, however, that it is not typical 
antibody. This contention is supported by the fact that the cidin was 
not very specific and did not agglutinate the antigen. On the other hand, 
the approximate molecular weight, based on dialysis and sephadex separa­
tions, plus its ammonium sulfate precipitabi1ity and relative heat 
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instability, indicate that the cidin might be a protein or a complex that 
includes protein. 
Immune Responses of Insects 
I will confine my remarks about humoral immunity in insects to re­
ports that have appeared during the past 13 years. There are several re­
view articles (10,29,53) that deal with the earlier literature; 13 years 
should provide a reasonable cut-off date for this review because the re­
cent work is far more quantitative and includes more perceptive experi­
mental controls than earlier studies. 
Continuing the phylogenetic orientation established in the previous 
sections, I am starting this section with a report of an immunological 
response of the male cockroach, Periplaneta americana, to the protozoan 
parasite, Tetrahymena pyriformis (41). Tetrahymena parasitize the roach, 
living in the hemocoel. Several free-living strains are available which 
can be grown axenically and used for experimental infection of the roaches. 
Seaman and Robert (41) found that when the ci liâtes were injected into 
roaches at approximately the the surviving roaches did not harbor 
the parasites. Memolymph recovered from the survivors was found to be 
capable of immobilizing the ciliate. Repeated injections of either live 
or heat-killed ci liâtes increased the titer of the inmobi1izing agent in 
a manner reminiscent of an anamnestic response. 
Simple chemical tests revealed that the immobilizing agent was sensi­
tive to pH 1 and to a temperature of 75 C. The agent was precipi table 
from the hemolymph at 50-80% saturation with ammonium sulfate and was 
separated from the hemolymph fractions by polyacrylamide disc gel 
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electrophoresis. The authors concluded that a new hemolymph protein was 
formed as a humoral response to the Vetrahvmena. 
This report is important because it is the only report of a specific 
"immune protein" in an invertebrate and of what appears to be an anamnestic 
response. On the other hand, it seems possible that the immobilizing 
agent might be bound to a protein and not necessarily a protein itself. 
This comment is made because when we look at the response of the miIkweed 
bug, Oncopeltus fasciatus, we will see evidence that the humoral agent is 
only loosely attached to the hemolymph proteins. 
Some workers hold the view that the principal humoral protective 
agents in insects are lysozyme or lysozyme-1ike cell wal1-degrading en­
zymes (32). There Is, I think, little doubt that such enzymes do provide 
for some degree of protection in some insects. An interesting report of 
the possible role of lysozyme in the immune mechanisms of roaches is that 
of Landureau and Jolies (34). They purport to show that tissue culture 
cells of Periplaneta amerlcana and B1abera fusca produced lysozyme and 
chitinase. I tend to be skeptical of these results, however, because they 
used a "standard turbidimetric assay against a suspension of killed cells 
of Micrococcus lysodeikticus" and Wharton (57) has shown that the standard 
turbidimetric assay will not work satisfactorily for the assay of lysozyme 
in Periplaneta hemolymph. Wharton demonstrated that a peculiar reaction 
occurs between roach hemolymph and the products of wall degradation by 
lysozyme; a highly light-absorbing compound is produced. I have been able 
to repeat the essential feature of the "Wharton reaction" at wavelengths of 
450 m^f and 530 mu using hemolymph from both Gal leria me I lonel la and 
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Tenebrio molitor. If the tissue culture medium used by Landureau and 
Jolies (34) contained hemolymph (and the reaction may occur with a variety 
of proteins), I have to question their claim. On the other hand, Aizawa 
(32) measured the production of lysozyme in response to challenge with 
Pseudomonas aeruginosa by the lepidopteran Bombyx morî (silk worm) and 
did not report interference by the "Wharton reaction." 
This work done by Wharton shows retention of injected lysozyme by the 
roach, or in other words, lack of ability to clear injected lysozyme from 
the hemolymph. This is an indication that the roach is not capable of 
responding to challenge injections of a pure protein. The question of the 
chemical nature of the compound in the Tetrahymena which provoked the 
immune response in the male roach has not been answered. 
An acquired immune response has been shown in the large milkweed bug 
Oncopeltus fasciatus by Gingrich (28). He prepared heat-kilied bacterins 
of Pseudomonas aeruginosa with which he "immunized" the bug against 
challenge with viable aeruginosa cells. The LD^g for.nonimmunizing in­
sects was approximately 60 cells. Immunized insects would survive 
challenge of at least 5 times the LD^g. 
The significance of this particular finding is obscured, however, by 
the fact that injections of saline, bovine serum albumin, and human eryth­
rocytes provoked a response. This response was not provoked by simple 
insertion of the syringe needle Into the hemocoel. It appears, therefore, 
that the "immune response" was provoked by general injury rather than a 
specific chemical compound. Opposed to this conclusion, however, is 
Gingrich's finding that "antisome" protects the insect against challenge 
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wi th colÎ but not Proteus vulgaris, Baci1 lus subtilis, or Micrococcus 
pyogenes. These results indicate that the ant i some has some specificity, 
even though the provoking agent may be quite heterologous from the eventual 
target of the antisome. Additional evidence that injury is the mechanism 
by which the antisome is provoked comes from the fact that un immune insects 
could be protected, passively, by hemolymph of protected insects. However, 
the degree of protection exceeded that calculated on the basis of the di­
lution factor of the antisome; the additional protection presumably was 
provided by induction of additional antisome fay the injury involved in 
injection of immune sera. 
Gingrich found that the antisome was resistant to 75 C, 1 N HC1 and 
1 N NaCl, and storage at -20 C for 6 months. When he attempted to frac­
tionate the hemolymph serum to associate the antisome with specific electro-
phoretic bands, he found that the antisome would migrate with several bands 
but that it was only loosely bound to the proteins and could be freed from 
them by precipitating the hemolymph proteins with trichloroacetic acid. 
Thus, as in the case reported by Seaman and Robert for the cockroach, 
the milkweed bug is capable of an immune response, the antisome can be 
separated electrophoretically. But, in the case of the milkweed bug, the 
antisome is definitely not a protein. This finding is significant because 
it is opposed to those findings which show that lysozyme and other lytic 
agents are "the" insect antisome. 
Feir and Schmidt (26) followed the fate of potential insect immunogens 
in Oncopeltus fasciatus. They assumed that if a specific antisome is to 
be produced some processing of the immunogen might need to occur, as in 
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vertebrates, or i f  an antisome is produced some alteration of the immuno-
gen will occur perhaps making its detection in the hemolymph impossible by 
altering the immunogen or causing its removal. To determine if Oncopeltus 
can 'clear' or process an immunogen, Feir and Schmidt treated the bug with 
rabbit serum and goat globulin and attempted to trace the fate of these 
proteins with fluorescent antibody techniques. The antigens remained in 
the hemolymph for "extended periods of time", indicating that no agents 
were produced against these soluble proteins. This seems significant be­
cause it is an interesting piece of evidence indicating that insects may 
not be capable of responding to proteins as immunogens. This evidence, in 
addition to the Wharton lysozyme retention data, tend to substantiate the 
generalization. Some data given in the experimental section of this paper 
will further substantiate the concept that insects cannot respond to pro­
teins as immunogens. 
The bulk of the contemporary work on humoral immune agents in insects 
has been done by June (Stephens) Chadwick on the lepidopteran. Galleria 
mellonel1 a. This insect has become the "guinea pig" of insect immunolo-
gists because 
a) historically the first reports of immunity were reports of 
Galleria experiments (53)' 
b) the insect is readily reared in large numbers and is easy to 
handle, doesn't bite, has no objectionable odor, etc. 
c) Briggs did an intensive study of 11 species of lepidopterans (6) 
in which he set forth evidence that "antisera" from "immune" 
insects does not contain precipitins or agglutinins, or antibodies 
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analogous to vertebrate antibodies. 
Stephens (46) showed that Pseudomonas aeruginosa bacterins would 
protect Galleria mellonella larvae from challenge with viable cells, that 
the antigen (immunogen) remained in the hemolymph throughout the re­
fractory period (unlike the situation in vertebrates where the antigen 
needs to be processed), and that the antigen was somehow altered during 
immunity in the insect so that it has an increased antigenicity for rabbits. 
The onset of immunity was rapid (4 hours) and the immunity lasted three 
days. 
In another paper Stephens (47) demonstrated that the blood of immune 
larvae was bactericidal; 20 ul was capable of killing 100 cells, immunity 
against Ps. aeruginosa could not be developed by heterologous agents such 
as saline, nutrient broth, or egg albumin. The immunity could be passively 
transferred. 
Immune wax moth blood does not melanize though the blood of most 
other normal insects readily melanizes in air. When immune sera were 
treated with zymosan the sera lost its immune properties and melanized 
indicating that there was an intimate relationship between the circulation 
of an anti some and the blockade of normal melanization (47). Taylor (49) 
seized on this fact plus a host of other inferential material to formulate 
a broad hypothesis regarding the role of the polyphenol-phenoloxidase 
systems; he stated that the principal function of this general system was 
host defense. Part of his argument was the fact that the biochemical 
pathway to melanin involves the production of aromatic qui nones which have 
an 0-R potential incompatible with microbial life. The suggestion was 
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that in the formation of melanin as a result of injury the intermediates 
provided an effective antimicrobial agent. Precisely how this would fit 
in with the fact that "there is an inverse relationship between the degree 
of melanization of insect blood and its antibacterial activity" (49) is 
not clear, but it is possible that the loss of melanization ability is due 
to the use of the intermediates in another function. Unfortunately, there 
is too little chemical information available describing the insect anti-
some to substantiate or disprove Taylor's hypothesis. 
In an attempt to characterize the nature of the immunogenic component 
of the bacterin, Chadwick examined the immunizing effects of various types 
of bacterin preparations. These included heat-killed cells, a sterile 
filtrate of the broth in which the cells were grown, formolized cells, and 
alcoholized cells. She was not able to demonstrate a statistically valid 
difference in the degree of immunity conferred by these various prepara­
tions. Chadwick (personal comment) stated that the quantity of injected 
cells had little effect over a range of several log orders. In a further 
attempt to study the nature of the immunogen, Chadwick prepared Boivin 
endotoxin from her most immunogenic strain, Pseudomonas aeruginosa PI 1-1, 
and found that the crude endotoxin was extremely effective as an immunogen. 
Heterologous 1 ifsopolysaccharides were effective in conferring some immunity 
but the most effective preparation was Piromen (PYROMEN), a commercially-
available polysaccharide from Pseudomonas aeruginosa. Pyromen is not a 
clean preparation. It contains RNA, DMA, hexosamines, and "pyrogenic 
polysaccharides" (38), and probably other materials. 
Hink (30), following the lead of his mentor, John Briggs, and 
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colleague, Richard Gingrich, also examined the immune response of Galleria 
mellonella. He used wild-type insects obtained from the Ohio State Univer­
sity Apiary and a culture of Ps. aeruginosa (O.S.U. strain 216). Heat-
killed bacterins of this organism were prepared and larvae were immunized 
against challenge with live cells, as Chadwick had done. Immunity was also 
passively transferred. Hink focused his attention on the hemolymph changes 
that occurred during the course of the refractory period to live challenge. 
By fractionating the hemolymph of normal and immune insects, he was able 
to show that there are two hemolymph fractions associated with immunity. 
The larger molecular weight component, factor A, was present in both 
immune and normal sera, but the lower molecular weight component, factor 
B, was present only in immune sera. Factor A, from immune sera, was 
capable of conferring passive immunity but factor B was not. Experiments 
with Biogel separations, which included separations with molecular weight 
markers, indicated that factor A had a molecular weight greater than 2000 
and factor B a weight less than 2000. It was found that factor A was not 
a protein or peptide. This finding is In agreement with Chadwick's find­
ing for Gal 1eria and similar to Gingrich's finding for Oncopeltus. 
To summarize the information regarding Immune reactions In insects, 
it can be stated that for those insects studied there appear to be some 
humoral mechanisms, these mechanisms probably involve production of non­
protein antimicrobial agents and information regarding the chemical nature 
of the immunogen is sparse; the immunogen is probably not a protein. 
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MATERIALS AND METHODS 
Sources and Maintenance of Insects 
Tenebrio mo!itor (meal worm) larvae were purchased from Dix Dock, 
West Palm Beach, Florida 33402. These larvae were maintained in the 
laboratory at room temperature on a diet of Instant Ralston. 
Galleria mellonella (wax worm) larvae were obtained from several 
sources : 
strain source 
N Purchased from Nasco, Fort Atkinson, Wisconsin 
P Mr. Herald Parte?lo. Rural Ames, Iowa 
8 Dr. H. Shtmanuki, A.R.S., U.S.D.A. 
Beltsville, Maryland 
W Purchased from Lloyd Wildt, Central Bait, 
Bath, Michigan 
W strain larvae were purchased as needed. The other strains were raised 
in our laboratory at 30 C on the medium suggested by Hink (30); Gerber 
Mixed Cereal was substituted for Pablum. The sugar-mix consisted of 2 
parts of honey (we always used honey produced by Partello, a local apiary), 
1 part water, and 1 part glycerol. This sugar-mix was autoclaved for 20 
minutes at 10 to 12 p.s.i. of steam and cooled, then 90 ml of the sugar-
mix was slowly added, during vigorous stirring, to 114 g of Gerber mixed 
Cereal and 1 g of yeast extract. 
No attempt was made to have a continuous supply of larvae. Each 
colony consisted of 228 g of Gerber Mixed Cereal medium in a wide-mouth, 
gallon jar. Each jar was filled about 1/3 full of medium and was covered 
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with loose-weave nyion mesh. Adults were permitted to mate and lay eggs 
in the medium and the offspring were permitted to grow In the medium until 
the colony was obviously crowded; at this point fresh medium was added and 
the colony was split into two or more smaller colonies. A dozen of the 
most mature larvae were selected to use as a starter for a new generation. 
These were transferred to a jar containing fresh medium where they were 
able to continue their life cycle. When adults were present in a colony, 
CO2 was used as an anesthetic to control their escape. 
A problem which frequently arose was the accumulation of moisture 
along the sides of the jar and the growth of fungi. When this was noticed, 
uncontaminated portions of the colony were transferred to a clean jar. 
Between uses, the jars were sterilized in the autoclave, washed with 
Haemo-sol, rinsed with Chlorox, and dried. By keeping the colony size 
moderate, not permitting excessive overcrowding, and sterilizing infected 
colonies, the fungus problem was kept well in hand. 
Source and Maintenance of Bacterial and Viral Cultures 
The initial culture of Pseudomonas aeruginosa (Ps. aeruqinosa) used 
in these studies was strain 50, obtained from the Department of Bacteri-
ology, Iowa State University. This organism was grown on Nutrient Broth 
from a lyophile, arïd the culture was then cloned on Nutrient Agar. Iso­
lated colonies were transferred to BBL Pseudosel Agar plates, which con­
tain cetyl trimethyl ammonium bromide, an agent that inhibits the growth 
of microorganisms other than Ps. aeruqi nosa. This medium also promotes 
pyocyanin production, so the colonies of Ps. aeruqi nosa display a charac­
teristic green color by visible light and fluorescence under ultraviolet 
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1î ght. 
Tests were conducted to eliminate the possibility of having isolated 
an organism other than Pso aeruginosa» The cells were gram-negative rods 
and they exhibited polar flagellation as determined by electron microscopy. 
The pigment became pink when acidified. Lactose was not fermented, but 
the culture was gelatinase-positive by the method given by Skerman (42). 
The oxidase test was weak but positive. None of these results cast doubt 
on the identity of the organism, and it was therefore assumed that the 
stock culture was In fact a genuine Ps. aeruginosa» 
Ohio State University strain 216 of Ps. aeruginosa, which was used by 
Hink and Briggs (31), was unavailable. Since Stephens (47) had reported 
that all 25 strains of Ps. aeruginosa that she tested were immunogenic, we 
requested that several strains be sent us from the Ohio State University, 
Department of Bacteriology culture collection. Also, Dr. J. S. Chadwick 
furnished us with a culture of her strain Pi 1-1, which had proven to be a 
"good immunogen" in her work. The stock Ps. aeruginosa cultures were 
maintained on Nutrient Agar slants in the cold and aseptically transferred 
to fresh slants at least once a month. 
The stock of coliphage MS2 was from my private culture collection, as 
was the culture of the phage sensitive organism, Escherichia col i C3000. 
These were both originally obtained from Long Island University, Brooklyn, 
New York. 
Preparation and Enumeration of MS2 Phage 
MS2 and its £» coli C3000 host were cultivated by relatively standard 
procedures (2,27). The bacteria were grown to saturation and maintained in 
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a broth that consisted (per liter) of Bacto Tryptose, 10 g ; yeast extract, 
1 g ; and Bacto Gelatin, 1 g» This very rich medium was used because it 
had been observed in previous work (unpublished) that growing the cells in 
a rich medium which is low in calcium, followed by storage of the cells in 
the cold, generally insured a phage-sensitive lawn. The culture was 
periodically cloned and selection was made for the most phage-sensitive 
strains. These two procedures were necessary because of a very high 
spontaneous rate of change from a phage-sensitive to a non-sensitive state. 
Phage titers were obtained by ten-fold serial dilutions into ADS 
broth. ADS broth consisted (per liter) of Bacto Tryptone, 10 g; KCl, 5 g 
and 1 ml of 1 M CaCl2» Saline and distilled water were never used as 
diluting media. The double agar layer technique was used to titer the 
phage. The bottom agar consisted (per liter) of Bacto Tryptone, 10 g; 
KCl, 2.5 g ; Nad, 2.5 g and 1 ml of 1 M CaClg» The top agar consisted 
(per liter) of Bacto Tryptone, 10 g; yeast extract, 1 g; NaCl, 8 g; agar, 
7 g; 1 ml of 1 M CaClg; 10 ml of 10% glucose was added aseptically after 
autoclaving separately. In each case where CaCl2 was added, it was added 
aseptically after all other components had been autoclaved at 15 p.s.i. 
for 15 mi n. 
Three to 5 ml of top agar were added to sterile 13 mm diameter test 
tubes immersed in a 46 C water bath. After serial dilutions of the phage 
were made in ADS broth, 0.3 to 0.5 ml portions of the coli culture 
were added to the 13 mm tubes, followed by 0.1 ml of the phage suspensions. 
The coli was not permitted to stand in the 46 C bath for more than 10 
min before addition of the phage suspension. The inoculated top agar was 
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poured onto the bottom agar as soon as possible after adding the phage to 
minimize phage and host cell inactivation by heat. After the top agar had 
solidified, the plates were incubated at 37 C for at least 3«5 hr. Usually 
no more than 4.5 hr of incubation was needed. The incubation period 
varied with the cell concentration, age of the culture, and time the cells 
spent in the 46 C bath. 
Plaques usually were scored immediately after removing the plates from 
the incubator. When this was not possible, the plates were flooded with 
formaldehyde to preserve the lawn until the plates could be counted. 
A modification of the method of Fiers (27) was used for mass propa­
gation and partial purification of MS2 phage. An inoculum of coli 
C 3000 was prepared in a 500 ml flask and added to 5 liters of MS2 broth 
in a New Brunswick fermentor with a 10 liter capacity. MS2 broth was 
identical to top agar except the agar was omitted. The cells were grown 
in the fermentor at 37 C with constant aeration until the cell concentra-
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tion was 5x10 cells per ml. At this time sufficient MS2 was added to 
achieve a multiplicity of infection of 5^ These phage were obtained by 
washing confluent lysis plates. Dow-Corning antifoam A was added 2 hr 
after inoculation, when vigorous foaming becomes a problem due to the re-
lease of cell proteins by phage lysis. The lysate was permitted to con­
tinue with vigorous aeration for 12 more hr, then the remaining cells 
were removed by centrifugation and the clear supernatant was placed in a 
cold room. Ammonium sulfate was slowly added to a concentration of 280 g/ 
liter. This mixture was permitted to stand in the cold room overnight. 
The precipitate, obtained by centrifugation, was suspended in 100 ml of a 
buffer that consisted of NaClj Oo1 M; tris (hydroxymethyl)-amino methane 
(Tris), 0.05 M; and ethylenediaminetetraacetîc acid (EDTA), 0»! M, adjusted 
to pH 7«6. The suspension was shaken in a separatory funnel with an equal 
volume of Freon 11 and the aqueous phase was saved and re-extracted. 
There was a great deal of debris in the aqueous phase. This large debris 
was removed by low speed centrifugation and the clarified aqueous phase 
was centrifuged in the Beckman L65 ultracentrifuge at 67,000 X g for 4 
hr. The density gradient step of phage purification used by Fiers (27) 
was omitted. The pellet, formed during the ultracentrifugation, was re-
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suspended in 15 ml of buffer to yield a titer of 7 X 10 plaque forming 
units (p. f. Uo) per ml; it was stored in the freezer. 
The virus preparation was examined with an RCA EMU 3F electron 
microscope. The suspension was treated with ]% phosphotungstic acid 
(final concentration) and bovine serum albumin, then was applied to 
formvar-coated copper grids. 
Preparation of Boivin Antigen 
Ten liters of Ps. aeruqinosa PI 1-1 cells were grown in a New Brunswick 
fermentor at 37 C with constant aeration in a medium (per liter) of Bacto 
Proteose Peptone #3, 20 g; glycerol, 10 g; K^HPO^^, 1.5 g; and MgSO^ "7H2O, 
1.5 g (33)« Dow-Corning antifoam A was added as needed and the fermentor 
was run for 12 hr. The cells were harvested with the Sharpies centrifuge 
and washed with 95% alcohol onto the surface of a filter paper held on a 
Buchler funnel. The cells were resuspended in 95% alcohol and again 
washed onto the surface of a Buchler funnel where they were permitted to 
dry overnight at room temperature. The dry cells were weighed and 
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suspended fn five parts water by weight, then an equal volume of cold 
0.5 M trichloroacetic acid (TCA) was added with constant stirring. After 
three hr, the material was centrifuged at 2000 X g for 15 min» The super­
natant was treated with 95% alcohol until a precipitate formed. The pH, 
which was about 5-6, was adjusted to about 7 with NaOH; a substantial in­
crease in precipitate was noted following adjustment of the pH. The pre­
cipitate was collected by centrifugation and washed with a 1:1 mixture of 
ether and 95% alcohol. The ether and alcohol were removed by drying the 
precipitate in a desiccator under vacuum in the presence of magnesium 
perchlorate. The dried cake of toxin was scraped from the centrifuge tube 
and weighed. A 10 mg/ml solution was prepared. 
Preparation of Cell Walls 
Cell walls were prepared according to the method of Carson and 
Eagon (9). aeruqinosa Pi 1-1 cells were grown using the Proteose 
Peptone medium that I used for Boivin antigen preparation, in 1 liter 
Fernbach flasks containing 500 ml of medium. The flasks were inoculated 
with 1 ml of a saline suspension obtained by washing an overnight Nutrient 
Broth slant with 5 ml of saline. The 500 ml culture, maintained at 37 C, 
was vigorously agitated on a rotary shaker. After an incubation period of 
15 hr, cells were harvested by centrifugation at 8000 X g in the GSA head 
of the Sorvall RC2b centrifuge. The pellet was resuspended in 35 ml of 
buffer and passed twice through the French Press. 
The lysed preparation was spun at 3,000 X g for 18 min and the small 
pellet that formed was discarded. The supernatant, a very viscous fluid, 
was spun at 14,000 X g for 15 min. The pellet was washed 5 times with 
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phosphate buffer, twice with distilled water, and suspended in saline 
containing 0.005 M MgSO^. A sample of the resuspended, washed pellet 
was dried and the dry weight of the material was obtained. Most wall 
suspensions used in these experiments were adjusted to a dose of 0.8 ug 
per Ail or 3o2 jLig in U fil. Before use as an inoculum, the sample was 
either boiled for 2-3 min or heated at 57 C for 0.5 hr to insure the 
absence of viable Ps. aeruginosa cells» The MgSO^ was added to insure 
magnesium ion presence for experiments in which enzymes were to be used 
to degrade the preparation. Injection of control insects with saline-
MgSO^ indicated that the presence of 0.005 M MgSO^ was not harmful. 
Preparation of Bacterins 
A day before a bacterin was to be prepared, several sub-cultures of 
the test strain of Ps. aeruqinosa were made. Two slants were washed with 
sterile saline, then the combined cell suspension was washed three times 
with saline and distributed to vaccine bottles. In some cases, par­
ticularly the early experiments, the bacterins were adjusted to a cell 
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concentration of 10 cells/ml using a Petroff-Hausser counting chamber, 
or the suspension was adjusted to an optical density of 0.8 at a wave­
length of 620 nm. Experience showed, however, that the precise cell con­
centration was not a critical factor; this observation was corroborated 
by Stephens (46,4?). In general, it was found sufficient to simply re-
suspend the washed cells and adjust the cell concentration by eye. 
The adjusted cell suspension was either placed in a boiling water 
bath for ten mi n or heated at 57 C for a minimum of 30 min. Sterility 
checks showed that both treatments were adequate for insuring sterile 
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bacteri nso 
Enzymes Used and Their Assay 
Bacillus subtil is amylase (Sigma Chem. Co., 3500 OeKalb Street, St. 
Louis, Missouri) was dissolved to a final concentration of 1 mg/ml in 
sal ine. This solution was used to treat T. mol i tor and mel lonella 
larvae; amylase levels in larval hemolymph were periodically assayed 
following such treatment. The assay was performed by applying 5 m1 of 
hemolymph, withdrawn with a quantitative capillary tube, to the surface 
of a starch agar plate. The starch agar consisted of 0.2% soluble starch 
in 1.5% agar. The assay plate was incubated at 37 C or in some cases, 
55 C, for 5-6 hr. This is sufficient to determine qualitatively the 
presence of amylase. Following incubation, the plates were flooded with 
an aqueous iodine solution of 3% Kl and 0.3% Ig» The presence of amylase 
was indicated by zones of clearing around areas where hemolymph had been 
spotted on the plates. 
Pyrogen-free DNase (Worthington. Freehold, New Jersey) was used both 
for the treatment of larvae and the cell wall preparations. DNase activity 
was monitored by the method of Smith et al. (44). This assay is a plate 
assay in which methyl green is used as an indicator of the presence of 
intact DNA and a clear zone on the assay plate indicates enzyme activity. 
Five itil quantities of enzyme (controls) or hemolymph were applied to the 
plate surface and the plates were incubated at 37 C. Two to three hours 
of incubation was sufficient to determine the presence of active DNase. 
RNase (Worthington) was also used for treatment of larvae and cell 
wall preparations. The assay used was a plate method. Substrate-
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containing agar consisted of 0.2% yeast RNA (Nutritional Biochemical 
Corp», Cleveland, Ohio) and 1.0% agar in 0.1 M acetate bugger, pH 5»0. 
The fluid to be assayed for RNase activity was applied to the plate sur­
face in 5 m1 volumes, and the plates were incubated for at least 12 hr. 
Zones of RNase activity were developed by flooding plates with 1 N HCl. 
The plates were read immediately after development because the clear 
zones gradually disappeared. 
Twice crystallized beef pancreas trypsin was obtained from Mann 
Research Labs. (Orangeburg, New York). An indirect assay was used to 
confirm the activity of this enzyme. The trypsin was added to a vial or 
vaccine bottle which contained wither DNase or RNase; after incubation 
nuclease activity was checked to determine if the trypsin had inactivated 
the nuclease. 
Treatment of Cell Wall With Enzymes 
For each ml of cell wall suspension, adjusted so that 4 contained 
3.2 (Ug of wall material, 1 mg of 3 X crystalline 1 ysozyme (Nutritional 
Biochemical Corp.) was added to the suspension. The mixture was incubated 
at 37 C for at least 1 hr and then heated to 57 C for 30 min or boiled 
briefly to assure freedom from viable £so aeruqinosa cells. 
DNase was dissolved in saline-MgSO^ solution in which the wall con­
centration was 3.2 ug in 4 #1 and the final DNase concentration was 100 
Mg/ml of suspension. The mixture was incubated for at least 1 hr at 37 C; 
the approximate enzyme activity in the suspension was determined by with­
drawing a 5 m1 portion, which was applied to an assay plate. This pro­
cedure was used to guarantee that an active enzyme was present in the 
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reaction mixture and that the mixture itself did not inhibit the action of 
the nuclease. Following incubation, the mixture was heated to 57 C to 
insure an aseptic preparation. 
RNase was used to destroy any RNA in the cell wall preparation at 
levels of 1 mg/ml of wall suspension. The incubation time was 1 hr at 
37 C, and the plate assay procedure already described was used to assure 
myself that nuclease activity remained throughout the cell wall treatment. 
Again, the mixture was heated following incubation to insure an aseptic 
product» 
In some experiments, it was desirable to t reat  wall mater ia l  w i th  
RNase, DNase and trypsin to be certain that practically all nucleic acids 
and extraneous proteins were degraded. The enzymes were added sequentially; 
trypsin was added after the nucleases had had an opportunity to act. The 
wall material was first treated with nucleases, as outlined In the pre­
ceding two paragraphs. Then trypsin was added to a level of 1 mg/ml, and 
the mixture was incubated for 1 hr at 37 C. The loss of nuclease activity 
following the addition of trypsin was taken as an indication that the 
trypsin was active. 
Treatment of Cell Wall With EDTA and Tris 
Tris and EDTA were added to wall suspensions to final concentrations 
of 10 ^  molar. The preparations were incubated at 37 C for 1 hr and then 
either boiled or heated at 57 C to insure asepsis. 
Injection Procedures 
All injections were made with Hamilton microliter syringes equipped 
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with a repeating device which dispensed 1/50 of the volume at each de­
pression of the trigger mechanism. For the work with Galleria a 0.1 ml 
syringe was used and therefore each depression of the trigger caused 2 n] 
to be dispensed. The syringe in this case was equipped with a 27 gauge 
needle. When Tenebrio larvae were receiving injections, the syringe was 
equipped with a 30 gauge needle and the syringe capacity was 0.025 ml ; 
each depression of the trigger caused 0.5 mI to be dispensed. 
For the work with Tenebrio larvae, the syringe was washed with 95% 
alcohol and then rinsed in sterile water prior to taking up the phage 
sample. When the insect to be treated was Galleria the syringe was se­
quentially rinsed in Chlorox, 1/5 dilution; sodium thiosulfate, 10%; and 
physiological saline, 0.9%° This procedure was also used prior to in­
jection of viable cells; the function of the thiosulfate was to inactivate 
any residual chlorine. 
All injections, in both genera of insect, were done along the lateral 
surface of the insect toward the caudal end. The JG. mellonella larvae 
were treated with little regard to the chronological age by selecting only 
the largest larvae available. 
Hemolymph Sampling 
To sample Galleria hemolymph, a leg was pulled off with a forceps that 
had been sterilized in an open flame and the hemolymph was drawn into a 
capillary tube. This procedure usually yielded about 20 ^ 1 of hemolymph. 
When larger amounts of hemolymph were needed, blood was collected from 
additional larvae and deposited into a sterile 13-mm diameter test tube 
immersed in ice water. Clotting was not a problem with Galleria hemolymph. 
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Sampling of Tenebrio hemolymph was more difficult» This was accom­
plished by pulling off a leg with a forceps and drawing the hemolymph into 
a capillary tube or by nicking the dorsal surface of the prothorax with 
the edge of a broken capillary tube (the tip of a blood lancet also worked 
well) and taking the resultant drop of hemolymph up into a capillary tube® 
Care was taken in both methods because the first method tended to result 
in contamination of the hemolymph with extraneous muscle tissue and the 
second method was apt to cause release of material which I believe came 
from the digestive system. 
Clotting and melanization were problems with Tenebrio hemolymph. The 
clotting could be avoided by working rapidly. Melanization became an 
annoyance when, for example, 10 ^ 1 of hemolymph was added to 1 ml of 
ADS broth; 15 min later the broth was melanized. Fortunately, the 
melanization did not appear to interfere with the results and was merely 
an unsightly annoyance. One way to avoid the melanization problem in 
sampling Tenebrio hemolymph was to crush several insects in a disposable 
syringe and drip the exudate into a test tube immersed in dry ice and 
acetone. In this way, the sample could be kept frozen up to the moment of 
use, and serial dilutions could be made quickly, before extensive melani­
zation occurred» This procedure had the added advantage in that contents 
from several larvae could be sampled and pooled simultaneously» The 
principle disadvantage of obtaining samples by crushing entire larvae was 
that the samples contained gut contents and cytoplasm as well as hemo-
1ympho 
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Viable-Ce11 Challenge 
To prepare a viable challenge, a freshly inoculated slant of Ps. 
aeruginosa was grown for 12 hr and washed with saline. Decimal dilutions 
g 
were made so that, assuming an initial count of 10 cells per ml, 10 
would deliver the desired challenge dose. The challenge dose was to vary 
with the experiment, from several hundred to several thousand cells. To 
determine the number of cells in a suspension, viable cell counts were 
made by surface inoculation of pre-poured and dried plates using the 
"hockey stick" method. Also, viable counts were taken on samples taken 
directly from the microliter syringe during periods of insect inoculation. 
After preparing the serial dilutions and inoculating the plates the cell 
suspension was stored in the cold room at 4 C until the colony counts 
could be obtained. This usually took at least 18 hr of incubation. 
This viable-cell challenge procedure had several problems that I 
could not overcome to my satisfaction. When serial dilutions and viable 
cell counts were made, and time allowed for colony growth, there was no 
assurance that the viable count in the suspension stored at 4 C had not 
changed by the time the challenge was actually prepared and administered. 
The actual count could be determined at the time of administration by 
repeating a colony count, but this information would not be available 
until the next day and în the meanwhile there was no way to know what the 
exact viable challenge would actually be. For this reason, I tried to 
avoid using changes in LDgg as an index of immunity; instead, I have 
substituted melanization-time changes as an index of immunity in\Go 
mellonel1 a. 
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Melanization times : To measure the melanization time, a sample of 
freshly drawn hemolymph was applied to a white index card and the time 
of sampling noted. Visual track was kept of the drop of hemolymph, and 
when its color appeared to be changing from the normal bright amber to a 
brown-grey, the time at which the change became obvious was noted. It 
was somewhat surprising to me that I could fairly accurately detect the 
beginning of the change. There is little difficulty in obtaining a re­
markably repeatable average melanization time. 
Statistical procedures: Some of the calculations and analysis were 
performed by Dr. David Jowetc of the Iowa State University Statistical 
Laboratory; these are cited at the points at which they are presented. 
All other calculations including T tests and analyses of variance 
were performed on a Digital Equipment Corp. PDF 12 computer programmed in 
Focal. The program was simply a translation of the procedures given on 
page 103 of Statistical Methods (45) and pages 14$ to 152 of Introduction 
to Statistical Analysis (22)» The critical value, D, was computed as 
directed on page 273 of Statistical Methods (45). 
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RESULTS AND DISCUSSION 
Inability of Tenebrio molitor to Respond to 
MS2 Bacteriophage and Protein 
One possible approach to defining agents which provoke immune re­
sponses is to use viral particles as potential immunogens. The virus 
would contain only protein and nucleic acid, so the fate of the virus 
could be easily followed. The coliphage, MS2, has a symmetrical protein 
coat made up of repeating subunits of identical protein molecules (35). 
An insect inoculated with this phage would be exposed to a single phage 
protein or a single immunogen or set of immunogens. 
The coliphage inoculum was prepared as described in the Materials and 
Methods section. Electron micrographs of the phage preparation indicated 
that the partially purified preparation contained bacterial flagella and 
pili in addition to coliphage. In Figure 1, for example, a large number of 
virus particles are shown clustered about a pi lus. 
When Tenebrio larvae were treated with 1 m1 volumes of the phage pre­
paration, the injections did not appear to cause the animal any great harm. 
Controls, injected with buffer, showed no adverse reaction either. There­
fore, no attempt was made to disinfect the surface of the insect and up to 
25 insects were treated in series with one load of the syringe. After 
treatment, the larvae were placed in a petri plate with a small amount of 
Instant Ralston and kept at room temperature. 
Hemolymph was sampled and its phage content titered as described in 
the Materials and Methods section. For most experiments several insects, 
2-5, were treated and sampled for each time interval. This multiple 
Figure 1. An electron micrograph of a preparation of MS2 
bacteriophage. The virus particles are shown 
clustered about a pi lus; several flagella are 
also visible in the field. 

43 
sampling permitted some control over the widely divergent plaque counts 
which were sometimes obtained; thus, I was able to have confidence in the 
validity of the data. 
When hemolymph was sampled by crushing the insects, at least 15 larvae 
were loaded into a syringe at each time interval so that the phage content 
of the extract was a reflection of the average content of 15 larvae. In 
most instances, duplicate titrations of the extract were performed for 
each sample. 
Larvae were capable of clearing the virus particles from their hemo­
lymph, as shown in the lower curve of Figures 2 and 3. The clearance 
seemed to vary from a very slow rate, 1 log order in three days, to a very 
high rate, 3 log orders in one day. These variations may be due to fluctu­
ations in the ambient temperature and humidity, but I have no evidence for 
this. The fluctuations may also be dose-related. Also, some of the 
clearance curves had a shoulder (slow initial clearance rate) followed by 
a phase of accelerated clearance (not shown); the shoulders might be arti­
facts, created by a high degree of contamination of the larval surface 
immediately following injection, inspection of all of the data, plus infor­
mation of the inactivation kinetics of coliphages (40), lead me to believe 
that the curves shown in Figures 2 and 3 were an accurate representation of 
the clearance kinetics. 
Because of a desire to gain the most accurate phage titrations possi­
ble, I was not pleased with the method of sampling that I originally used; 
namely nicking the prothorax and taking the hemolymph up in a capillary 
tube. This method of sampling yielded only about 5 Ail of hemolymph from 
Figure 2. The fate of MS2 bacteriophage Injected Into the hemocoel of 
Tenebrloo The lower curve, shows the course of clearance 
of phage from the larval hemolympho The upper curve, 0, shows-
phage recovered by crushing the larvae. 
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each insect, and in order to obtain a picture of what was occurring in all 
of the treated insects as a group^ I needed to sample more than one insect 
at a time. This was particularly true because of variations in the size 
of the larvae and in the phage dose delivered, which could cause fluctua­
tions in the position of a point on the curve. Two ways of overcoming 
this difficulty were considered. The first was simultaneous sampling and 
titration of perhaps ten larvae for each time interval. This presented 
mechanical difficulties and the procedure If used would have required 400 
bottom agar plates for an experiment of 10 sampling times. The second 
alternative was to sample the hemolymph from a large group of insects and 
pool the hemolymph. The titrations could then be carried out in duplicate. 
Instead of using these methods, I decided to use the crushed insect method 
already described because it was more convenient. This was a fortuitous 
decision because, when the first such experiment was performed, it became 
apparent that the phage were being removed from the hemolymph and stored 
in a manner that permitted their release when the insects were crushed. 
This fact is shown by the difference between the upper straight lines, and 
the lower curves of Figures 2 and 3. Gushing (19) has pointed out that, if 
antiphage agents were produced against the virus, the inactivation rate of 
the phage in the hemolymph should have a phase of acceleration. No phase 
of acceleration was observed in my experiments. The straight upper lines 
with shallow slopes indicate that no antiviral agents were produced at a 
point after zero time. This statement should not be taken to imply that 
the insect does not respond to the virus (as it clearly has a mechanism 
for removing the particles from the hemolymph). Also, the insects might 
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have produced antiviral agents that function in the prevention of viral 
replication; these agents would not be detected by my assays. 
When the crushing technique was used to obtain an extract, the ex­
tract was rather thick and viscous. I wondered if the virus particles that 
I was titering in the extract were bound to particulate matter or suspended 
freely in the liquid portion of the hemolymph. To determine this, a sterile 
capillary tube was partially filled with extract and was sealed at one end 
with sterile modeling clay (as one would seal an hematocrit tube), then the 
capillary tube was spun in a centrifuge at approximately 900 X g» This was 
sufficient to separate the extract into three fractions: a bottom fraction 
that was essentially particulate; a middle fraction that was a clear fluid 
resembling hemolymph; and an upper, lipid-like layer* The phage content 
of each of these layers was determined to determine how the phage were 
distributed among the hemolymph fractions and if there was a shift in the 
distribution of phage with time. As shown in Figures 4 and 5, the phage 
content of these fractions was high compared with what would be found in 
sampled hemolymph. The greatest titers occurred in the middle fraction. 
There was no shift in the distribution of phage, such as a change from 
predominance in the middle fraction to predominance in the bottom fraction. 
Thus, there was no shift to preferential adherence of phage to particulate 
matter, as one would expect if an agent was produced that would aid the 
removal of phage from the hemolymph. 
Although Tenebrio larvae seem not to be capable of an immune response 
to viruses, and thus to protein, it is possible to test the assertion that 
they cannot respond to proteins by injecting enzymes into the hemocoel and 
Figure 4. Clearance of MS2 bacteriophage from the fractions of the crude 
extract of T. mol I tor. The upper line, 1, shows the phage content 
of the middle, hemolymph-11ke, fraction. The middle line, 2, 
shows the phage content of the bottom, particulate fraction. The 
bottom line, 3, shows the phage content of the lipid-like upper 
fraction. 
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determining the fate of the enzymes. This approach cannot readily be used 
with Iysozyme because of interference with the assay by the Wharton re­
action (57); however, other enzymes, such as nucleases and amylases, could 
be applied to such experiments» The only requirements are that an adequate 
assay exists for the enzyme, the hemolymph does not normally contain the 
enzyme, and the enzyme is not toxic to the insect* 
Plate assay procedures for RNase, DNase, and amylase have already 
been described in Materials and Methods. Each assay plate was divided into 
three segments; samples of hemolymph from insects that had received an 
enzyme were spotted on two segments of each plate, and the third segment 
was used for samples of hemolymph from untreated insects. This system 
permitted a comparison of zone sizes between treated and untreated insects; 
the hemolymph of Tenebrio frequently contained small amounts of "native" 
nucleases and amylase. Also, positive enzyme controls were included in 
some assays to assure that the assay procedure was working and that the 
enzyme was active. In all experiments, 5 Ml of hemolymph were applied to 
an assay plate by pushing the end of a filled quantitative capillary tube 
into the agar, about 2/3 to the bottom of the plate, and expelling the 
hemolymph into the depression so that it formed a uniform bead on the 
surface. The initial position of the hemolymph could be easily observed 
at a later time by an area of melanization, whereas the zone of clearing 
caused by the enzyme was always well beyond the area of melanization. 
C, P and W strain Gal 1eria larvae, and Tenebrio larvae, were treated 
with 10 iul each of various enzyme preparations. The enzyme levels used 
were 100 ug of DNase, 10 ug of amylase, or 10 ^ g of RNase per larva. I 
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detected no RNase or DNase and only low levels of amylase in normal 
Gal 1eria hemolymph. Normal Tenebrio hemolymph, however, contained substan­
tial levels of all three enzymes. Attempts were made to differentiate 
native amylase from the subti1i s amylase in Tenebrio hemolymph on the 
basis of differential heat stabilities; however, the native amylase was 
remarkably stabile at 55 C for an animal enzyme. In general, for a zone 
of clearance to be considered a positive indication of the presence of the 
enzyme above native levels, I expected it to be greater than 11 mm in 
diameter» 
Gal 1eria and Tenebrio did not clear the enzymes within 5 days (data 
not shown). Although the enzyme assays were only semi-quantitative, the 
hemolymph enzyme levels were substantially the same 5 days post-injection 
as they were at the time of injection; the first sample was taken within 10 
min of injection. These results gave little reason to believe that these 
insects can respond to these proteins. 
These results, together with the virus clearance study, show clearly, 
I believe, that T« moi 1itor and mellonel1 a are not capable of producing 
antisomes against proteins» In this regard they are distinctly different 
from the vertebrates. 
Response of Tenebrio molitor to Pseudomonas aeruqinosa 
My attempt to check for immune capability of Tenebrio against selected 
proteins yielded data indicating that Tenebrio did not respond "immunolog­
ically" to proteins. Other workers (5,6,8,9) had shown that some insects 
could respond immunologically to complex "immunogens." To draw additional 
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conclusions about possible immune capabilities of Tenebrio it was neces­
sary to know if the insect would respond to potential immunogens of a 
complexity greater than MS2 protein or purified enzymes. Since Gingrich 
(28) and Chadwick (11) had been successful with Ps. aeruginosa as an 
immunogen, I decided to determine if Tenebrio had an immune capability 
similar to that described for Oncopeltus and Galleria. 
Bacterins of Ps. aeruginosa, I.S.U. strain 50 were prepared as 
described in the Materials and Methods section. Sterility tests on the 
bacterin indicated that temperatures as high as 65 C for 45 minutes were 
needed to insure sterility. Other workers who had prepared bacterins of 
Ps. aeruqinosa were able to achieve sterility at 57 - 60 C for 30 min 
(30,46). In a response from Chadwi ck to a letter of inquiry, she stated 
that she never had a aeruqi nosa culture that required a temperature 
this high for the preparation of bacterin. She suggested that high 
temperatures might destroy "immunogenic" material; nevertheless, my 
initial experiments were conducted using the I.S.U. strain. In later ex­
periments, where O.S.U. strain 213 or Chadwick's strain PI 1-1 were used, 
57 C for 30 min was always adequate to insure a sterile bacterin. The 
9 bacterin was adjusted by Petroff-Hausser count to 3-5 X 10 cells/ml. 
Young, less than 12 hr, slants were prepared for obtaining viable 
cells to be used in viable cell challenge experiments and determination 
of LD^G values. Initial estimates of the LD^Q, determined by injecting 
varying doses to groups of 15 larvae each, indicated that the LD^Q was 
between 100 and 1,000 cells per insect. These LD^^'s were rather high, 
in view of the very low LD^g's of 5-50 cells of Ps. aeruginosa reported by 
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Chadwick (10); the high LD^g values that I obtained was another reason, 
in addition to its high heat stability, for suspecting that I.S.U. strain 
50 differed substantially from strains of Ps. aeruginosa used for 
bacterins by other investigators. To refine our estimate of the 
groups of 15 larvae received I ml of a suspension containing 3 X 10^ 
cells/ml; thus, the maximum number of cells that a larva received was 
4 3 X 1 0  c e l l s .  A l l  l a r v a e  w e r e  d e a d  7 0  h r  p o s t - i n j e c t i o n .  D o s e  r e ­
sponse experiments were then set up in which groups of larvae received in­
creasing doses of viable cells. Typical dose-response curves are shown in 
Figure 6. Based on this and similar graphs, it was decided that a reason­
able viable challenge dose should be 2 X 10^ cells; this dose would 
guarantee a mortality greater than 50% but less than 100%. 
An experiment was then performed to see if the Tenebrio could be 
"protected" by treatment with a bacterin. Thirty larvae were treated with 
1.5 Ml of saline, 30 were treated with 1.5 Ml of bacterin, and a group of 
30 received a viable challenge. Seventeen hours later the first group was 
reinjected with saline, the second was reinjected with a viable challenge, 
and the third group was not reinjected. Within 3 days 100% of the larvae 
treated with saline survived, while only 17% of the larvae treated with 
bacterin and a viable challenge survived. Surprisingly, 35% of the larvae 
that had received only a viable challenge but no bacterin survived. These 
results indicated that the larvae could withstand double injections of 
saline, but that prior injection with bacterin did not confer immunity on 
the treated insects. Furthermore, the bacterin-treated insects had a lower 
survival rate than those larvae that received an initial viable challenge; 
Figure 6. The response of To mol I tor to challenge with varying doses 
of viable Pseudomonas aerugi nosa eel Is. 
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these results were viewed with suspicion. 
In the next experiment, 60 larvae were treated with saline, and 60 
larvae were treated with bacterin. Sixteen hours later 45 larvae from 
each treatment group were treated with a viable challenge. The average 
survival rate for the saline-challenge group was 69%; all of the non-
reinjected insects survived. The average survival rate for the bacterin-
challenge group was 37%; 70% of the non-reinjected larvae survived. An 
additional 45 larvae were treated with saline-challenge and 45 other larvae 
were treated with bacterin-challenge. The survival rates were 43% and 22% 
respectively. These data indicated that either the saline was providing 
greater protection than the bacterin, or the bacterin itself was toxic to 
the larvae. 
To convince myself that what I was observing was real, a third experi­
ment was conducted in which four treatment groups were compared. Treatment 
group A received 5 /il of saline followed 16 hr later by 1.5 Ail of 
saline. Treatment group B received 5 Ml of saline followed 16 hr later 
by viable challenge. Treatment group C received 5 m1 of a freshly prepared 
bacterin (I X 10^ cells/insect) followed 16 hr later by 1 jul of saline. 
Treatment group D received 5 Ml of bacterin followed 16 hr later by 
viable challenge. Each treatment group consisted of 50 larvae divided into 
5 sets of 10 larvae each. The average survival rates for the treatment 
groups were 100%, 92%, 94% and 48% respectively. These results indicated 
that the bacterin potentiated the lethality of the viable challenge rather 
than serving in any protective capacity. 
Another experiment was devised to determine if the bacterin Itself was 
toxic; that is, would an initial dose of bacterin followed by a second dose 
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of bacterin be as lethal as bacterin followed by viable challenge? Fresh 
bacterin was prepared and the cell concentration adjusted to 10^ cells/ 
5 Alio A suspension of viable cells for viable-cell challenge was also 
prepared. Sixty larvae were treated with 5 of bacterin each; 
18 hr later 30 larvae were challenged with 2 azI  doses of bacterin while 
the remaining 30 each received 5 ul (an estimated LD^g) of viable cells. 
Another 60 larvae were treated with 5 m1 of saline and 18 hr later 30 
of these received a 2 jul dose of bacterin while the remaining larvae re­
ceived 5 mI (an estimated LD-.) of viable cells. The survival rates were 
10C% (bacterin-bacterin), 0% (bacterin-challenge), 100% (saline-bacterin), 
and 60% (saline-challenge). Thus, the bacterin potentiated the lethality 
of the viable-cell challenge, but was not lethal itself as shown by a lack 
of mortality in the double-bacterin treated insects. 
Since other workers have found that mellonella larvae could be pro­
tected against the lethal effects of viable challenge by treatment with 
bacter-ns of Ps. aeruginosa (6,9,28,30), these results indicated that 
there was a very significant difference between the way in which jr. mol i tor 
larvae and G^. mel lonel la react to bacterin. 
Because I had found that my Ps. aeruginosa seemed to be relatively 
heat stabile as compared with the cultures used by other workers (28,30,46), 
and because the apparent LD^g of Ps. aeruginosa strain 50 seemed high 
compared to the LD^g's found by others for Galleria, I viewed the results 
given above with suspicion. In order to convince myself that the results 
were not due to procedural difficulties, I decided to repeat the immuni­
zation of Galleria as performed by Chadwick and by Hink. Successful 
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immunization of Galleria mellonella larvae with strain 50 would clear up my 
doubts about the consequences of its apparent heat stability on its 
immunogenicity and toxicity. 
Response of Some Galleria mellonella Strains to Several Strains 
of Pseudomonas aeruqi nosa 
A bacterin of Ps. aeruqi nosa strain 50 was prepared, tested for 
sterility, and adjusted to a concentration of 10^ cells/5 m1« The bacterin 
killed N strain Galleria larvae; larvae were frequently dead or moribund 
within 12 hr after treatment with 4 jul of bacterin. The immediate 
suspicion was that the bacterin was not sterile, but careful checks indi­
cated that this was not the case and it was later observed that the insects 
were not dying of bacteremia. A careful review of my techniques offered no 
obvious procedural error. Suspecting that the N strain larvae were not 
healthy and that this might account for the problem, we obtained a supply 
of W strain larvae. 
Three sets of 15 larvae each of W strain, and three sets of 15 larvae 
each of the N strain of Galleria were treated with 4 jul/larva of bacterin. 
Another three sets of both strains were treated with 4 /zl/larva of saline. 
Twenty hours after treatment all saline-treated larvae were alive and well; 
all the N and W strain larvae treated with bacterin were obviously ill — 
6 of the W strain larvae were dead. In additional experiments, larvae 
treated with 1/10 dilutions of the bacterin survived the initial treatment, 
but when these were reinjected with a viable challenge of 100 cells/insect 
70% of one set of N strain insects died, 54% of another set of N strain 
insects died, 40% of a set of W strain larvae died, and 30% of another set 
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of W strain larvae died. Among controls which only received a challenge 
of 100 cells/insect, all survivedo 
Thus, the effects of a low dose of bacterin in Gal 1eria seemed to 
resemble the potentiating effect seen in Tenebrio. Repeated attempts to 
successfully treat these two strains with bacterin resulted in a consistent 
pattern of pathology. Figure 7 shows three W strain larvae; one is normal 
and the other two received bacterin treatments. The striking "dark line" 
pathology always appears in a large percentage of the insects of the W 
strain, and in many cases the larvae are either dead or moribund within 12 
hours of treatment. The pathology appears within a few minutes or may be 
delayed in appearance for up to two to three hours. 
At this time we received strain 213 of Ps. aeruqinosa from Ohio State 
University. A few experiments showed that bacterins of this organism would 
also produce the typical pathology in the W and N strain larvae. Dr. J. S. 
Chadwick was kind enough to supply us with her strain PI1-1 of Ps. 
aeruqinosa, and a few experiments indicated that bacterins of Pi 1-1 would 
also induce the pathology in my insects. 
Because a careful examination of the literature on immunity in Galleria 
revealed no clues as to why my insects exhibited the dark line pathology 
while Chadwick (10) and Hink (30) were able to immunize their strains, I 
telephoned Dr. Hink to discuss with him the difficulties I was having. We 
decided that I would visit his laboratory where he would be able to observe 
the procedures I used and perhaps detect the cause of my problem. 
I brought several slants of Ps. aeruqi nosa strain Pi 1-1 to Dr. Mink's 
laboratory and arranged for W strain Galleria larvae to be sent there. On 
Figure 7* From top to bottom: Normal wax worm strain W; 
wax worm exhibiting typical dark line of melanization 
shortly after treatment with bacterin; waxworm, 
moribund, 12 hr after treatment» 
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arriving I prepared a bacterin, while Dr. Hink observed, and he agreed 
that there was nothing unusual about the way I prepared the bacterin. We 
then treated the W strain larvae with bacterin and also treated larvae 
(designated "strain H" in this thesis) which Dr. Hink had in his laboratory. 
Strain H larvae were offspring of the insects that Hink used in his re­
search (30). He had been able to immunize these larvae and had never ob­
served the pathology, which was now causing me difficulty, in these larvae. 
Larvae of strains H and W were injected under the supervision of Dr. Hink; 
there was no obvious difference between what I did and what he did that 
could account for the pathology. All larvae treated developed the typical 
pathology, although the symptoms were less severe in strain H than in the 
W strain's larvae. Since Dr. Hink's insects had been reared on the medium 
described in the Materials and Methods section, with Pablum substituted, 
for Gerber Mixed Cereal, it seemed unlikely that diet alone could account 
for the differences in larval susceptibility to _Ps. aeruginosa bacterins. 
We hypothesized that larval genetic differences could account for the 
variance in the severity of the pathology. 
Dr. Hink declared that he had never seen this particular problem while 
doing his work, and that he was at a loss to explain it. We collected 
wild type larvae from the honeycombs at the O.S.U. apiary (designated strain 
T in this thesis). Strain T insects also developed the pathology, although 
it seemed relatively mild compared to that seen in the W strain. 
On returning to Ames, Dr. J. S. Chadwick was contacted about our 
anomalous results. She had found that her strain Pll-1 was a very active 
6. 
immunizing agent and that treatment of G. mellonel la larvae with this strain 
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(or any of 25 other strains) would provoke an immune response by the wax 
worm larvae. Chadwick indicated that she had problems with her system 
which she attributed to environmental factors; she was inclined to blame 
an errant air conditioner, rather than genetic differences between batches 
of larvae. We therefore set about collecting a variety of strains of 
mel1onella to be reared in several different environments. 
Strains obtained were the W, B, and P strains. The W and P strains 
were reared in two different 30 C incubators. A colony of the P strain 
was also reared at 30 C on honeycomb. The P strain insects, which were a 
wild type, were also reared through one generation at 25 C in an air-
conditioned room on both honeycomb and Gerber Mixed Cereal. Environmental 
conditions during rearing caused no obvious qualitative difference within 
strains in their response to bacterin, but the severity of the pathology 
did vary between strains. 
To check further on the possibility of strain differences in response 
to Ps. aeruqinosa bacterins and on the method of bacterin preparation, I 
prepared a bacterin of strain Pi 1-1 and kept half of it and sent the other 
half to Dr. Chadwick. I treated 15 W strain larvae with this bacterin and 
it produced the typical pathology in all of the larvae. Dr. Chadwick 
treated 80 insects with this bacterin and reported that she was able to 
weakly immunize her larvae with the preparation. it produced a change in 
LDgg from 5.2 cells/larvae to 52.8 cells/larvae. She also reported that 
she did not see the development of the pathology. Since this indicated 
that the bacterin was not the source of difficulty, but that the difficulty 
was probably one of strain differences. Dr. Chadwick sent us some of her 
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larvae which we used to start our own colony. These insects, reared under 
the same conditions as our other strains, are strikingly indifferent to 
the pathogenic effects of the bacterin. They do not (with rare exception) 
develop the dark line pathology. Of the first 40 treated, none showed the 
pathology. Table 2 shows some typical results of treatment of various 
strains with bacterin. In addition to the data shown in this table, other 
data presented later substantiate the claim that the C strain is different. 
There have, however, been two occasions during the past 9 months when a 
large proportion of the C strain insects did develop the pathology, but in 
these cases the severity of the pathology was reduced from that seen in the 
U strain. In one of these cases, where the C strain showed the pathology, 
leaving the colony alone for three days was sufficient to permit success­
ful treatment with the bacterin. I have no convincing hypothesis as to 
what happens which allows the pathology to develop or prevents it from 
developing. 
Cell Fractionation and Characterization of the Toxin 
Since there were no obvious clues as to the reasons £s. aeruqinosa 
bacterîns were toxic to some Galleria strains but not to other strains, I 
felt the best course of action would be to Investigate the nature of the 
toxin and whether or not the toxic agent could Induce immunity In immuno­
logically competent insects. Cell fractionations were performed and the 
various fractions were examined for toxic effects. 
Two questions that needed answers at the beginning of the fractionation 
experiments were whether or not the toxic component was cell bound and 
whether or not the toxic component could be freed from the heat-killed 
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Table 2. Toxicity of a Ps. aeruqinosa bacterin to five strains of 
G- mellonel 1 a larvae^ 
Exp. C W B P N 
I. O/IO 
2. 0/10 
3. 0/10 
4o 
5. 
6. 1/20 
7. 3/20 
8. 1/60 
9. 15/19 
5/10 7/10 
10/10 7/10 
4/10 8/10 
30/30 
60/60 60/60 
16/20 
15/20 
51/60 
19/20 
30/30 
60/60 
^Number of larvae exhibiting typical pathology/number of larvae 
treated. 
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cells. To answer the first question a bacterin was prepared and the heat-
killed cells were removed in a Sorvall Model SSI centrifuge. The bacterial 
pellet was resuspended in a volume of fresh saline equivalent to the volume 
of original bacterin. The resuspended bacterin and the saline supernatant 
were used to inoculate W strain larvae. W strain larvae were used for the 
bioassay because the response in these larvae was marked and occurred 
quickly after treatment and because of the convenience of a commercial 
supply of the larvae. Twenty larvae were treated with 4 /zl/larva of the 
supernatant saline and 20 with 4 /il/larva of the resuspended heat-killed 
cells. The insects were examined 12 hr later and those receiving the 
resuspended heat-killed cells showed the pathology while those larvae which 
received the saline supernatant showed no symptoms. This indicated that 
the toxic component was bound to the cells and that further fractionation 
experiments were in order. Since Dr. Chadwick had reported that Boivin 
endotoxin could provoke an immune response in Galleria (12), I decided 
that the most logical place to look for the toxic component would be the 
endotoxin material. This decision was reached with full cognizance of the 
fact that Dr. Chadwick had reported that Boivin endotoxin was not toxic 
I 1 
to Galleria (11). Perhaps she was incorrect! 
Endotoxin was prepared as described in the Materials and Methods 
section. Ten W strain larvae were each given 50 u\ of the preparation 
containing 500 ug of endotoxin; 10 other larvae were given 5 Ml of endo­
toxin; and another group of 10 larvae (controls) were treated with un-
fractionated bacterin. None of the insects that received endotoxin showed 
an adverse effect; identical experiments performed with P and B strain 
71 
larvae yielded the same results. Thus, there was no evidence that the 
Boivin endotoxin was responsible for the pathology that we had been 
observing» This was not too surprising because these results were in 
accord with the results reported by Chadwick (11, 12); the results were in 
fact gratifying. In addition, C strain larvae were treated with a pre­
paration of Salmonella typhimurium endotoxin extracted by the phenol/water 
method (56) and kindly supplied by Mr» John A. Christopher. This pre­
paration known to be genuine endotoxin by mouse experiments (unpublished 
data of John Christopher), did not cause an apparent pathology. Therefore, 
the failure of endotoxin to cause typical pathology (Chadwick, 11) was 
substantiated rather conclusively. 
To determine if the endotoxin was capable of provoking an immune 
response, as reported by Chadwick fl2), 20 strain C larvae were treated 
with Boivin endotoxin, and 20 were treated with typhimurium endotoxin. 
An additional 20 received baa ter in and still another 20 received no treat­
ment. Twenty hours later all larvae were challenged with 40,000 viable 
cells/insect. This very high dose was used because Chadwick (l1) had re­
ported that endotoxin could raise the LD^Q to 50,000. This high dose how­
ever killed all of our larvae. Another immunization experiment was con­
ducted; using a viable-cell challenge dose of 240 cells per insect. The 
Boivin endotoxin-treated insects were not protected, but the insects that 
had received the tvphimurium endotoxin all survived. These data were 
interpreted to mean that the toxic component of the bacterin was not endo­
toxin; endotoxin would immunize, as reported by Chadwick (11, 12); and 
either our Boivin endotoxin was not immunogenic or it was not endotoxin. 
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since endotoxin did not seem to be the toxic component of bacterin 
preparations, additional fractions were collected and tested for toxicity. 
Pll-1 cells were grown and harvested as described under Preparation of 
Cell Walls in the Materials and Methods section. The cells were washed 
twice with saline, then were passed through a French Press. The lysate 
was centrifuged at 3,000 X g at 4 C for 30 min, the supernatant from 
the first centrifugation was centrifuged at 7^500 X g for 30 minutes, and 
the second supernatant was centrifuged at 37,000 X g for 1 hr. . The , 
supernatant from the third centrifugation was saved and labeled, "soluble 
cytoplasm." The three pellets were washed with saline. Each fraction was 
then either stored at 4 C until used, heated at 57 C for 30 min, or 
heated for 5 min in a boiling water bath. Test groups of 10 W, B, and 
C-strain larvae each were treated with 4 mI samples of a preparation and 
observed for typical pathology. Twenty hours later, none of the strain C 
larvae that received the 57 C-3,000 X g pellet (bacterin) or the boiled 
bacterin showed signs of the pathology while 75% of the W and 85% of the 
B strain larvae had the typical pathology. There was an incidence of the 
pathology with the soluble cytoplasm and the 7,500 X g fractions which 
ranged from 10 to 60%, but the pathology was not typical and resembled 
bactermia. Thus, resistance of the C strain larvae was shown again, and I 
observed that boiling did not appreciably affect the toxicity of the frac­
tions. This heat stability was confirmed in other experiments in which the 
toxin was potent after autoclaving at 15 p.s.i. for 30 min. 
Since the toxin did not appear to be hmat labile, and was probably not 
a protein, I decided to attempt to fractionate the cells by vigorous 
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boiling of the harvested cells. Accordingly, the cells from 1 liter of 
nutrient broth incubated at 37 C with constant agitation for 18 hr were 
pelleted and resuspended in 20 ml of salineo The suspension was boiled for 
30 min and then spun at 4,000 X g for 15 min. The supernatant was 
tested for sterility and no growth was observed. Twenty W strain larvae 
were then treated with a standard bacterin, 20 with the boiled bacterin, 
and 20 with the sterile supernatant. Each insect received 4 ul  of  mater ia} .  
Each of these preparations induced the typical pathology, and it was found 
that the boiled extract could be diluted 1:16 before the symptoms appeared 
to be significantly less severe and at a dilution of 1:32 symptoms were 
abolished. The boiled extract was centrifuged at 37,000 X g for 1 hr 
and it was found that the toxin was not present in the 37,000 X g super­
natant but was present in the pellet. Thus the toxin appeared to be a heat 
stabile particle of intermediate size because it cculd be pelleted at 
modest G forces BUT did not all pellet at fairly low forces in the 4,000-
7,000 X g range. This observation led me to suspect that the toxin might 
be cell wall material since in the process of fractionating the cells, small 
cell wall particles could be produced which would pellet at the g forces 
described and remain suspended at lower g forces. Any cell wall which was 
not physically broken to small particles would come down with the bulk of 
the cellular material at forces below 3,000 X g. 
Another fractionation experiment was conducted in  which the cells from 
1 liter of an overnight culture (Pll-1 grown on proteose peptone) were 
washed with saline and lysed with two passages through the French Press. 
The lysed material was centrifuged at 6,000 X g for 30 min and the 
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supernatant at 14,000 X g for 1 hr. Four m1 of the 14,000 X g pellet re-
suspended in 15 ml of saline induced the pathology in all ten treated W 
strain larvae. The 6,000 X g pellet induced a bacteremia which was not 
unexpected because there were probably unlysed cells in this pellet. The 
supernatant of the 14,000 X g centrifugation was fractionated into a 
37,000 X g pellet and a supernatant; these fractions caused one of ten and 
three of ten W-strain larvae to develop the symptoms respectively. 
These data indicated that the bulk of the non cell-bound toxin would 
sediment at the intermediate 14,000 X g level. Since I suspected that the 
toxin was cell-wall material I decided to conduct some experiments in which 
the bacterin was treated with the cell wall degrading enzyme, 1ysozyme. 
A standard bacterin was prepared and 1/3 of it was boiled for 10 min 
followed by cooling to 37 C at which point it was treated with 2 mg/ml 
1ysozyme for 1 hr, 1/3 received 1ysozyme but was re-boiled immediately 
following addition of the 1ysozyme, and 1/3 was boiled but received no 
1ysozyme. W-strain larvae were treated with 4 m1 of a bacterin prepara­
tion. No line of melanization appeared in any of the 40 larvae which 
received the lysozyme-treated preparation, whether or not the preparation 
was boiled immediately following addition of the enzyme. All 20 of the 
larvae which received the untreated boiled bacterin developed the typical 
pathology. These results were somewhat puzzling. While they indicated 
that the 1ysozyme inactivated the toxin, it was surprising to find that 
the toxin was apparently inactivated by the brief exposure to 1ysozyme 
prior to boiling. This could be due to the relative heat stability of 
1ysozyme and the fact that at least 2 min delay occurred between the 
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addition of lysozyme and the time at which the temperature approached 
boiling. If lysozyme was present in great excess, substrate degradation 
would occur with sufficient rapidity that a 2-min treatment resulted in 
almost complete hydrolysis of toxic wall components. 
To be certain that the inactivation of the toxin was due to the enzy­
matic action of lysozyme and not merely the physical presence of this pro­
tein, a bacterin was prepared, boiled for 10 min, and the samples were 
treated as follows: sample I received lysozyme to a final concentration 
of 2 mg/ml ; sample 2 received lysozyme to a final concentration of 2 mg/ml 
-2 
and sodium lauryl sulfate to a final concentration of 10 M, the mixture 
wa&-then shaken; sample 3 was bacterin which received sodium lauryl sulfate 
to a final concentration of 10 ^  M but no lysozyme; sample 4 was bacterin 
without additional treatment. Each of these preparations was incubatcd at 
37 C for 1 hr and then heated at 57 C for 30 min. Groups of W-strain lar­
vae were treated with the various preparations and observed for the typical 
pathology. None of ten larvae treated with the lysozyme-treated bacterin 
showed any typical symptoms. Nine of ten larvae treated with the bacterin 
which had received lysozyme and sodium lauryl sulfate showed the typical 
symptoms. Six of ten larvae treated with the sodium lauryl sulfate-
treated bacterin showed typical symptoms, and seven of ten larvae which 
received the untreated bacterin showed the symptoms. 
Smith and Stocker (43) have shown that alkyl sulfates are capable of 
inactivating lysozyme. The purpose of shaking sample 2 with the sodium 
V 
lauryl sulfate was to inactivate the lysozyme which had been added. Since 
this treatment produced a preparation which caused the typical pathology 
to appear, the physical presence of lysozyme was probably not the cause of 
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înactîvation of the toxin, but enzymatic activity was needed. 
In another experiment, boiled bacterin was treated with lysozyme and 
the preparation was not toxic to 30 W strain larvae. If non-boiled 
bacterin was treated with 1ysozyme, 15 of 30 W-strain larvae developed the 
typical pathology. This result indicated that perhaps there was a necessity 
for the bacterin to be boiled before lysozyme treatment would be completely 
effective. Such a conclusion is not surprising since lysozyme does not 
lyse Ps. aeruginosa. Possibly the 1ipopolysaccharide outer layer of the 
cell envelope needs to be altered for the lysozyme to be able to attack 
its substrate. Cox and Eagon (18) and Carson and Eagon (9) have done ex­
tensive work on the effects of various agents on the viability of Ps. 
aeruqinosa and on the chemical structure of the cell wall attacked by these 
agents. They showed that EDTA disrupts the structural integrity of the 
cell wall, and that Tris enhances the activity of the EDTA. They also 
showed that use of these agents in conjunction with lysozyme will disrupt 
and solubilize 36% of the cell wall whereas EDTA and Tris without lysozyme 
will disrupt only 30%. When lysozyme. Tris, and EDTA are used together, 
36% of the cell wall and 86% of the 1ipopolysaccharide is solubilized where­
as EDTA and Tris without lysozyme solubilize only 32% of the lipopoly-
sacchari des. 
-3 
Bacterin was prepared and portions were treated with EDTA, 10 M; 
Tris, 1 0  ^  both EDTA and Tris; and EDTA + Tris + lysozyme, 2 mg/rhl. 
W strain larvae, groups of 15, were then treated with each of these prepara­
tions and with EDTA and Tris controls. Only 20% of the larvae to which 
lysozyme-treated bacterin had been administered developed the pathology 
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whereas 60% of the other larvae developed the pathology. To discover if 
boiled bacterin treated with EDTA and Tris would be detoxified, another 
experiment was conducted with autoclaved bacterin, boiled bacterin treated 
with only EDTA and Tris, and boiled bacterin treated with EDTA + Tris + 
lysozyme. Thirteen of 15 W strain larvae treated with autoclaved bacterin 
developed the pathology. Eighteen of 20 W strain larvae receiving boiled 
bacterin treated with EDTA and Tris showed the typical symptoms, but none 
of the larvae treated with boiled bacterin + EDTA + Tris + lysozyme showed 
the typical symptoms. It was concluded that simply disrupting the cells 
with Tris and EDTA was not sufficient to inactivate the toxin, but that 
lysozyme was necessary, and possibly boiling the bacterin was also 
necessary. 
Cell walls of Ps. aeruqinosa Pi 1-1 were prepared as described in the 
Materials and Methods section and treated as shown in Table 3» The various 
preparations were given to W strain larvae and cell wall + EDTA + Tris, and 
cell wall + lysozyme were also given to 125 C strain larvae. As can be 
seen from the table, none of the C strain larvae were affected by the cell 
wall, confirming their nonsensitivity to the toxin, but almost all the W 
strain larvae receiving cell wall showed the typical pathology unless 
lysozyme was present in the treatment mixture. The conclusion is that the 
heat stabile toxin is a Iysozyme-sensitive component of the cell wall* 
The possibility still remained that the action of lysozyme was merely 
due to the physical presence of this protein, or to its stimulation of a 
defense mechanism in the larvae. To check this and to determine if the 
toxin was subject to the action of enzymes other than lysozyme the following 
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Table 3» Effects of various treatments on the toxicity of a Ps» 
aeruqi nosa cell wall preparation to G. melIcnella larvae 
WALL HEATED AT 57 C FOR 1 HR 23/25 
WALL + EDTA + TRIS 24/25 
WALL + EDTA + TRIS + LYSOZYME 0/25 
WALL + LYSOZYME 0/25 
WALL BOILED 10 MIN 24/25 
BOILED WALL + EDTA + TRIS 24/25 
BOILED WALL + LYSOZYME 0/25 
BOILED WALL + LYSOZYME 0/25 
WALL AUTOCLAVED 121 C 15 lbs. 15 min 25/25 
AUTOCLAVED WALL + EDTA + TRIS 22/25 
AUTOCLAVED WALL + EDTA + TRIS + LYSOZYME 0/25 
AUTOCLAVED WALL + LYSOZYME 0/25 
^Number of larvae exhibiting typical pathology/number of larvae 
treated. 
^Of 125 C strain larvae treated as controls only one showed the 
typical pathology. 
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experiments were conducted. 
Samples of cell wall were incubated with RNase, with trypsin, and 
with both RNase and trypsin as described in the Materials and Methods 
section. W strain larvae were treated with these preparations and each 
of the three preparations produced pathology in (number displaying 
pathology/number inoculated) 15/15, 14/15^ 12/15 of the insects respec­
tively. None of 10 C strain larvae treated with cell wall showed the 
typical pathology. In another experiment with a fresh cell wall prepara­
tion similar results were obtained but it was shown, in a similar manner, 
that DNase did not protect nor did bovine serum albumin. 
Cell wall material was suspended in saline-MgSO^ as described in the 
Materials and Methods section and W strain larvae received 4 ^il of one of 
the following preparations: cell wall; cell wall + lysozyme; cell wall + 
trypsin; cell wall + bovine serum albumin; cell wall + DNase. The DNase 
and trypsin activities were checked as described in the Materials and 
Methods section. The results were dark line pathologies in 15/15 larvae 
treated with cell wall; 15/15 treated with cell wall + bovine serum 
albumin; and 15/15 treated with cell wall + DNase. Nine of 15 larvae 
treated with cell wall + trypsin showed the typical symptoms, BUT 0/15 
larvae treated with lysozyme treated cell wall became ill. 
Three ml of saline MgSO^ + 2.4 mg cell wall were treated sequentially 
with 0.3 mg DNase which was tested for activity by plate assay, 3 mg RNase 
which was tested for activity by plate assay and added 1 hr after incu­
bation with the DNase solution, and 3 mg trypsin which was tested for 
activity in the solution of cell wall + nuclease by rechecking for nuclease 
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activity after the trypsin had been given an opportunity to digest the 
nucleases. Fifteen W larvae were treated with cell wall and 14/15 de­
veloped the pathology and died. Fifteen of 15 larvae treated with the 
enzyme treated cell wall were also dead, indicating that the nucleases and 
the trypsin could not inactivate the toxin. Saline solutions of the 
enzymes caused no pathology. Since the physical presence of proteins did 
not seem to offer a sure protection, unless the protein was lysozyme, the 
conclusion that the 1 ysoz\fme is acting by enzymatic means seems inescapable. 
It is interesting to note that lysozyme inactivates the toxin in the 
cell wall preparation without the necessity for boiling found with whole 
cell bacterinso This might be due to mild hydrolysis at the pH 5.5 used 
in cell wall isolation or to enzymatic activity released during the lysis 
with the French Press. 
Since the evidence so far indicated that the toxin was a component of 
the cell wall which was lysozyme sensitive, I decided to see what effect 
Micrococcus lysodeikticus had on the insect. The wall of this organism is 
free of endotoxin and its chemistry is well characterized. It is also the 
most lysozyme-sensitive organism available for routine use. Bacterins of 
M. lysodeikticus I.S.U. strain 39 were prepared and samples were treated 
with lysozyme. In one experiment 12/15 W strain larvae showed the pathology 
when treated with this bacterin, whereas none of the lysozyme-treated 
bacterin produced the pathology. In another experiment the bacterin of Mo 
lysodeiktieus produced the pathology in 20/20 W strain larvae but 
lysozyme-treated bacterin produced no pathology in an equivalent number 
of larvae. A third similar experiment was conducted independently by an 
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undergraduate student for a different purpose and without his awareness of 
my results. His results were the same. Lysozyme inactivated the toxic 
component of bacterins. 
Attempts At Chemotherapy 
Because attempts at immunizing the W strain larvae were consistently 
thwarted by the onset of melanization (pathology), I thought it would be 
interesting to see if a chemotherapeutic agent might be used to block the 
pathology and permit immunization. Since melanization is an oxidative 
process, and since it can be blocked by reducing compounds, I treated 
larvae with a variety of reducing compounds in the hope that the patho­
logical symptoms of treatment with bacterin would not develop. The com­
pounds used included sodium thiosulfate, reduced glutathione, cysteine, and 
ascorbate. Cysteine was extremely toxic for the Galleria larvae. it did, 
however, block melanization very effectively. In fact, the insects 
acquired a "bleached" appearance. Unfortunately, of 25 larvae treated with 
300 ug of cysteine, none developed the dark line pathology but all were 
partially paralyzed and eventually they all died. Even after death, how­
ever, the larvae did not melanize. The same results were noted at 100 
and 50 Mg levels. At 20 jug levels some of the larvae developed the typical 
dark line. At levels of 3.5 ug/insect the cysteine was still mildly toxic 
to the insects, but was ineffective in blocking melanization. 
Reduced glutathione seemed promising. It effectively blocked melani­
zation in vitro but a level of 200 jug/insect did not offer satisfactory 
protection to the larvae although it definitely did make a difference. For 
example, 20 larvae received the usual dose of cell wall material and 17 of 
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them developed the typical pathology whereas of 20 which received an 
identical amount of wall material suspended in reduced glutathione, only 
3 developed the typical symptoms* In a repeat of the experiment, the re­
sults were 23/25 for the positive controls as opposed to 9/25 for the 
reduced glutathione-treated insects. 
Ascorbate also seemed promising at levels of 20 mg/ml with each in­
sect receiving 6-10 ^ 1 • Groups of 15 larvae received bacterin suspended 
in saline or ascorbate* The ascorbate-treated larvae showed less pathology. 
For example, 15/15 for saline suspended bacterin versus 1/15 for ascorbate 
suspended bacterin. A corresponding improvement was noted when ascorbate 
was used with cell wall material* Nevertheless, the hoped for "cure" was 
not to be found in ascorbate since dramatic improvements such as the one 
shown above could not be repeated. 
Combinations of ascorbate and cysteine, ascorbate and glutathione, and 
ascorbate and sodium thiosulfate were tried in an attempt to compromise the 
very effective reducing power of these agents with the more physiological 
0-R potential of ascorbate. None of the combinations really seemed satis­
factory, but I suspect that it should be possible, by trying a large variety 
of other reducing agents, to gently and effectively block the pathology. 
Can Detoxified Cell Wall Immunize? 
Having demonstrated that cell wall material is toxic to the W strain 
but not the C strain, I thought it would be interesting to see if lysozyme 
detoxified bacterins would immunize C strain larvae. To determine this, 
larvae of both the W and C strain, 20 per group, were treated with saline, 
bacterin, boiled bacterin + lysozyme, nothing or lysozyme. Sixteen hours 
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later none of the insects which received sal ine showed the typical 
pathology, 1/20 of the C strain which received bacterin showed a slight 
pathology whereas 16/20 of the W strain larvae showed the dark line; the 
boiled bacterin had not induced the pathology among the C strain insects 
whereas all the W strain insects showed the pathology, and none of the 
other treatments produced the pathology. All insects which did not show 
the typical dark line pathology were challenged with 400 viable cells. 
Twenty-six hr after challenge the only deaths among the C strain insects 
occurred in the groups which received saline or no pre-challenge treat­
ment whereas the only survivors among the W strain larvae occurred in the 
groups which received boiled bacterin treated with lysozyme or lysozyme. 
These results tend to indicate success at immunization, but the pro­
tection shown by the lysozyme needs to be explained. It could be due 
either to the direct antimicrobial activity of the lysozyme or it could be 
due to stimulation of the insect's defenses. Nevertheless, it appeared 
that there was good protection among the C strain larvae that had received 
only bacterin or boiled bacterin. Unfortunately, several attempts at re­
peating these immunizations led me to conclude that the apparent immunity 
was probably a spurious result. As indicated earlier, it is difficult to 
be precise about the challenge dose, and thus in one experiment total pro­
tection was observed (could this be due to a low challenge dose?) and in 
another experiment very little protection was attained. 
What seemed to me to be needed was an alternative to viable challenge, 
an index of immunity rather than a direct test of immunity. Since Stephens 
(46,47) had reported that immunization was accompanied by a loss of the 
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ability of the hemolymph to melanize I  decided to see i f  rnelanizat ion 
times could be used as an index of immunity. This should be possible if 
the inverse relationship described by Stephens (46,47) and by Taylor (49) 
is a result of immunization. 
The specific question now asked was can detoxified, lysozyme-treated 
material, either bacterin or cell wall, induce an immune response? This 
was to be tested by assuming that melanization time bore an inverse re­
lationship to immunity. Accordingly, experiments were conducted to de­
termine the effects of various treatments on the melanization ability of 
the hemolymph of W and C strain insects. 
The melanization times were obtained as described in the Materials and 
Methods section. T tests were conducted to determine significant differ­
ences between the average melanization times obtained. For example, the 
melanization time for C strain larvae (untreated) was 6.89 min and the 
melanization time for the W strain larvae (untreated) was 7.34 min. These 
two means could not be rejected as distinctly different at the 95% con­
fidence level, so it was concluded that there was no significant difference 
between the mean melanization time due to strain differences. The same 
conclusion was drawn for W strain larvae which received no treatment com­
pared with W strain larvae which had received saline injections. The mean 
melanization times were 7.52 and 6.68 respectively. When C strain larvae, 
treated with cell wall material, were compared with saline treated W strain 
larvae the hypothesis that there was no significant difference between 
the means could be rejected with 99% confidence. The respective means 
were 11.95 mi n and 6.78 min. It appeared that the treatment with cell 
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wall did cause an increase in the tnelanization time of the C strain lai— 
vae. It is to be noted that the value of 11.95 is a depressed value be­
cause I did not wait beyond 14 min for melanization to occur. In about 
1/3 of the instances melanization of C strain hemolymph which had been 
treated with cell wall material never occurred. These cases were recorded, 
however, as having melanization times of 14 min. 
The melanization times for C strain larvae treated with cell wall 
could not be compared to the melanization times of W strain larvae treated 
with cell wall because of the onset of the pathology in the latter 
organism. To determine if the W strain larvae could be immunized with 
lysozyme detoxified cell wall material a t test comparison was made between 
saline-treated W strain larvae and detoxified cell wall-treated W strain 
larvae. The means were 6.68 and 6»10 respectively. Note that the treat­
ment with detoxified cell wall did not bring on a significant rise in 
melanization time, but instead lowered it. The results of the t test 
comparing W (untreated) with W (treated with Boivin endotoxin) are inter­
esting. The means were 7.34 and 5»93 respectively and the null hypothesis 
could be rejected with 95% confidence but not 99% confidence. A similar 
"cliff hanger" occurred when the saline treated C strain larvae were com­
pared with cell wall treated C strain larvae in which the cell wall had 
been exposed to lysozyme. The mean melanization times were 7.06 and 8.81 
respectively. The null hypothesis was rejected at the 95% level but not 
the 99% level. The trend then seems to be toward a lower melanization 
time for W strain larvae treated with the detoxified wall and an increase 
in melanization time for the C strain larvae treated with detoxified 
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eel 1 wal1. 
A convenient way to look at the results is to arrange them as in 
Tables 4-6. D, in Tables 5 and 6, is a critical value at the 95% level. 
Any two means in different treatment groups separated by a mean melani-
zation time difference greater than D can be considered significantly 
different, and the difference is attributed to the treatments. 
From these data it becomes apparent that treatment with lysozyme not 
only destroys the toxic component but also renders the preparation in­
capable of inducing an increase in the melanization time. Presumably these 
lysozyme-treated materials are no longer immunogenic. The conclusion to 
be drawn is that the immunogenic agent is cell wall material, as is the 
toxin, and that the C strain larvae are physiologically different from 
W strain larvae and can be immunized whereas W strain larvae cannot be 
immunized. 
The question of the genetic and environmental controls over the ex­
pression of this physiological difference still needs to be answered, along 
with the original set of questions posed in the introduction. 
Table 4o influence of various treatments on mean melanlzation times of W and C strain larval hemolymph^ 
strain of larvae control saline endotoxin wall + lysozyme strain, mean 
melanization time 
W 7.34 6.68 5.93 6.10 6.52 
C 6.89 7.06 7.5 8.81 7.56 
treatment, mean 
time 7.11 6.87 6.67 7.43 
^An analysis of variance, done by Dr. David Jowett of the I.S.U. Statistical Laboratory, is 
reported as follows: "W has a significantly lower mean than C. The two treatments (endotoxin and 
wall + lysozyme) are not different from the two controls at the 5% level on the average BUT this Is 
because of a radically different response by the two types. In the case of W, the treatments cause 
a decline and In the case of C an increase. This Is very highly significant. Endotoxin causes a 
lower response on the average than wall + lysozyme. C (treated with wall) is undoubtedly different 
from all the other treatments, both in mean and In variance. There Is absolutely no doubt whatsoever, 
from Inspection and the most cursory look at the error mean square that this Is true." 
(Dr. Jowett was provided with the n, corrected sum of squares, and means for each treatment 
group.) 
; 
Table 5» Influence of various treatments on the mean melanlzatlon times of C strain larval hemolymph^ 
control sal I ne eel 1 
wal 1 
cell wall 
+ 1ysozyme 
endotoxln bol led 
bacterln 
boI led bacterin 
+ lysozyme 
mean melanizatlon 
time 6.89 7.06 11.95 8.81 7.5 11.08 6.37 
number of 
treated larvae 26 23 23 23 19 23 24 
sum X 178.19 162.41 274.89 202.76 125.74 254.88 152.8 
sum of (x)^ 1246.42 1187.94 3631.68 1894.02 846.6 2987.23 996.41 
â " 
From this data an analysis of variance was conducted and the critical value "D" was calculated. 
0 = 1.876 and Is a critical value at the 95% level — If the difference between any two mean melanlzatlon 
times Is greater than I.876 the difference may be considered due to the treatment with 95% confidence. 
Thus there Is no significant difference between the untreated larvae and those which received saline, 
endotoxin, or boiled bacterin treated with lysozyme. Those larvae which received boiled bacterin or 
cell wall material showed a significantly Increased mean melanlzatlon time. Treatment of the cell wall 
material with lysozyme depressed the mean melanlzatlon time of larvae which received such preparations 
to a level significantly below that of cell wall treated larvae but not significantly above the mean 
melanlzatlon time of saline treated larvae. In an alternate experiment the mean melanlzatlon time 
for larvae that received lysozyme-treated cell wall material was depressed to 6,W. Thus lysozyme 
treatment renders t^e cell wall incapable of raising the mean melanlzatlon time. 
00 
00 
Table 6. Influence of various treatments on the mean melanlzatlon time of W strain larval hemolymph^ 
control sal 1 ne cell wal1 cell wall 
+ lysozyme 
endotoxln boiled bacter 1 n 
mean melanizatlon 
time 7.34 6c 68 0. 1 6.1 0 5.93 0.1 
number of treated 
1arvae 26 24 24 26 --
sum X 190.74 160.32 146.41 1 54. 03 — 
sum of (x)^ 1437.86 1161.22 945.09 971.82 --
^From this data an analysis of variance was conducted and the critical value "D" was calculated. 
0=1,168 and Is a critical value at the 95% level — If the difference between any two mean melanl­
zatlon times Is greater than 1.168 the difference may be considered due to the treatment with 
95% confidence. Thus, cell wall material and boiled bacterin caused a marked decrease In the mean 
melanlzatlon time of W strain larvae. (They brought on the typical dark line pathology.) Treat­
ment of cell wall with lysozyme detoxified the cell wall material but did not raise the mean 
melanlzatlon time above that for untreated (normal) larvae. 
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SUMMARY 
There is no evidence that either Tenebrio mol itor or Galleria 
me]lonel1 a will be provoked to a humoral immune response by protein. 
All evidence I have indicates that Fseudomonas aeruginosa bacterins 
potentiate the lethal effects of viable cells În T. moli tor and that the 
bacterins are toxic to most strains of G^. mel lonel 1 a larvae. The one 
Gal 1eria strain which seems to be uniformly insensitive to the toxicity 
of the Ps» aeruqinosa bacterin is the strain which I acquired from Dr. 
Chadwick, the C strain. The other larval organisms all show a typical 
pathology characterized by a line of melanization along their dorsal sur­
face and melanization of their hemolymph when treated with Ps. aeruqi nosa 
bacterin or the cell walls of Ps. aeruginosa. The toxin which causes the 
pathology is believed to be the heat stabile, lysozyme-sensitive struc­
tural component of the cell wall. This material can be detoxified by 
treatment with 1ysozyme but the detoxified cell wall is probably not 
immunogenic as evidenced by its failure to cause a significant change in 
the mean melanization time of the hemolymph from larvae of either strain. 
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